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Abstract 
The use of bandwidth for mobile and cellular networks has been increasing at an unprecedented rate, 
with applications in emergent areas such as smart vehicles and civil infrastructure, telemedicine, and 
remote education. The predicted increase of mobile network utilisation requires a high data rate 
capacity to transfer information through the network. The current limited capacity of the fourth 
generation (4G) mobile network is not expected to satisfy the predicted high data demand by 2020. 
To meet this requirement, a new fifth generation (5G) mobile network has been proposed. In order to 
reach the high capacity demands, the 5G requires a wide frequency bandwidth, which is not available 
in the sub-3 GHz frequency spectrum. Therefore, many international organisations have assigned the 
millimetre-wave band (mm-Wave), which includes 24, 28, 37, 39, and 60 GHz, as a frequency band 
for 5G. Using mm-Wave raises many challenges such as an increase in the path loss, radiation field 
absorbed by the human body, signal polarisation misalignment, and MIMO antenna footprint inside 
the mobile handset. Therefore, designing beam-steering, reconfigurable circular polarization, and 
compact MIMO antenna systems for 5G applications is important to cope with these challenges. 
Although there are some antenna systems were reported recently for mm-Wave 5G, they had limited 
steering angles, one polarization types or bulky antenna size. This thesis aims to solve the current 
challenges mentioned above by developing mm-Wave 5G antenna systems and in doing so makes 
three main contributions to the field of mm-Wave 5G antenna systems.  
As the path loss and radiated fields absorbed by surface layers of the human body increase at mm-
Wave, emphasis is given into the development of the beam-steering antenna system, which is the first 
contribution of this thesis. The beam-steering technique aims at reducing the effects of 
electromagnetic field exposure on the human head, as well as maintain a consistent connection 
between the handset and the base station. A novel compact three-dimensional (3-D) beam-steering 
system of mobile handsets at 28GHz is proposed. It consists of dipole antenna arrays, power dividers 
and digital phase shifters. Nevertheless, a novel technique of connecting p-i-n diodes to build a phase 
shifter is proposed for better performance. The proposed design has the ability to steer the beam in a 
wide angle in 3-D. it relies on using both sides of a printed circuit board for a two-dimensional antenna 
array. Moreover, to further improve the performance of the beam-steering system, a tunable power 
divider for mm-Wave 5G is presented. It is used to tune the feeding amplitude of the beam-steering 
antenna array, and thus reduces the side-lobe level (SLL) of the antenna radiation pattern.    
The second contribution is the development of two reconfigurable circular polarisation (CP) 
structures for 5G applications at mm-Wave. CP is an effective technique to mitigate signal 
polarisation misalignment, phase deviation and multipath effect problems. Electrical reconfigurable 
methods are used to switch the CP type by using p-i-n diodes. Firstly, an open-ended stub concept 
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with a simple feed circuit is used to build a novel reconfigurable CP patch antenna. Then the same 
concept is developed to build a reconfigurable CP antenna array system using branch-line couplers, 
power divider, and 4 p-i-n diodes. The open-ended stub concept is found to be efficient in both designs 
by reducing the complexity and the number of the p-i-n diode switches compared to the reported 
existing CP antenna systems in the literature. 
MIMO is a major technology of 4G mobile antenna system and also has disruptive potential for mm-
Wave 5G. Therefore, the third contribution is the development of new design approaches to integrate 
the current 4G with futurist 5G MIMO antenna systems. Integrating these two technologies in one 
structure leads to a reduction of the total MIMO antenna footprint significantly within handsets, where 
the available space is limited. To that end, two novel 5G/4G MIMO antenna systems are built. First, 
5G/4G MIMO antenna system is proposed by using one structure; and it covers multiband mm-Wave 
spectrums (28, 37 and 39) GHz for 5G as well as sub 3 GHz for 4G.  Moreover, to further improve 
the gain especially at mm-Wave band, an antenna array structure is deployed to build another 5G/4G 
MIMO antenna system. This design integrates 5G and 4G operations into a single structure; and 
covers a wideband 23-29 GHz for 5G and frequency-tuning 2.05-2.70 GHz for 4G.  
The developed antenna systems reported in this thesis positively contribute to the antenna design 
domain and are expected to encourage safety, compactness, reliability, and a multiband antenna 
system for the mm-Wave 5G industry in near future.   
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Chapter 1 – Introduction  
1.1 Background and Motivation    
This introductory chapter presents the background and underlying motivation of this research for 
building reconfigurable and MIMO antenna systems for 5G at millimeter-wave (mm-Wave). A 
description of the current antenna systems for mm-Wave 5G and existing techniques of building such 
systems are provided. The aims and original contributions of the thesis are also described. The 
organisation of the thesis is outlined in the final section of this chapter. 
1.2 Background and Motivation 
The use of bandwidth for mobile networks has been increasing at an unprecedented rate, with 
applications in emergent areas such as smart vehicles and civil infrastructure,  telemedicine, and 
remote education  [1]. The predicted increase in mobile network utilisation requires a high data rate 
capacity to transfer information through the network. The current limited capacity of the fourth 
generation (4G) mobile network is not expected to satisfy the predicted high data demand by 2020 
[2, 3]. To meet this expected requirement, a new fifth generation (5G) mobile network has been 
proposed [4-6]. As the available bandwidth at low frequency is overloaded and unable to satisfy the 
required wide bandwidth of 5G, many international organisations have suggested or licensed the mm-
Wave spectrum to be the operating frequency of 5G including at 24, 28, 37, 39, and 60 GHz [7-10].  
Using mm-Wave raises many challenges such as an increase in the path loss, human body exposure 
to and absorption of radiation, signal polarisation misalignment, increased MIMO antenna system 
footprint inside the handset.   
1.2.1 Beam-steering Antenna System Motivation and Advantages  
One of the biggest challenges for 5G at mm-Wave will be the high propagation loss incurred [4, 11]. 
According to Figure 1.1 and the Friis transmission equation (Equation (1.1)), mm-Wave produces 
high path loss compared with lower frequency band [12]. 
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where Pr and Pt are the received and transmitted power respectively, in free space; Gr and Gt are the 
receiver and transmitter antenna gains respectively; C is the speed of light, R is the distance between 
the  transmitter and receiver sources (base station and handset); and f is the carrier frequency. 
Consequently, when f is higher (using mm-Wave), Pr will be smaller. Therefore, to compensate for 
this reduction in signal strength of Pr several approaches can be suggested. First, R can be reduced–
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but this is an unsuitable approach as it requires more base station to be built, and that increases the 
infrastructure cost. Therefore, increasing Gt and Gr is the more reasonable option for enhancing Pr 
and this can be done by building antenna arrays inside the handset instead of using a single antenna 
as in current standard devices.  
 
 
Figure 1.1 Typical mobile network. 
 
The antenna arrays in mm-Wave need to be smart to direct the beam signal to different directions to 
maintain a consistent connection between the handset and the base station. This capability can be 
realised by adopting the beam-steering technique to control and tune the pattern direction of the 
antenna array with wide scanning angle capability at mm-Wave 5G. However, realising a beam-
steering system with a wide scanning angle causes an increase in the side-lobe level (SLL) of the 
antenna pattern. Therefore, to compress the SLL of the beam-steering system, a tunable power divider 
is needed. 
Another important challenge in using mm-Wave is the biological effect from the human body’s 
exposure to electromagnetic (EM) radiation from the handset. The EM exposure level for mobile 
technology absorbed by the human body can be examined by measuring two quantities: the specific 
absorption rate (SAR) and equivalent power density quantities [13]. As the frequency increases, the 
concentration of absorbed energy at superficial parts of the human body increases [14]. For instance, 
as shown in Figure 1.2(a), the penetration depth in mm is reduced with the increase in frequency. As 
a result, it is found that more than 90% of the power is concentrated in the skin layers (epidermis and 
dermis) at 60GHz (Figure 1.2(b)) [14].   
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Figure 1.2  (a) The penetration depth (mm) with frequency  [14] © 2017 IEEE, and (b) power density 
(SAR) concentration in the skin at 60 GHz.   
  
Because of the above, reducing the human head’s exposure to EMF is one of the most important 
factors for ensuring the safety of emerging 5G technologies. As such, using the beam-steering 
technique to reduce the amount of EM radiation directed into the user’s body is required. Thus, 
building a beam-steering antenna system inside the mobile handset for mm-Wave 5G is a key factor 
for maintaining a reliable connection with the base station at a high data rate, while also reducing the 
human head’s exposure to EMF at the same time. 
  
1.2.2 Reconfigurable Circular Polarisation Antenna System Motivation and 
Advantages  
One of the technical challenges of using mm-Wave for 5G is the polarisation mismatch effect between 
the transmitting and receiving antennas. Generally, there are different types of polarisation in mobile 
communications, including linear polarisation and circular polarisation. Circular polarisation is 
divided into two rotating modes: right handed circular polarisation (RHCP) and left handed circular 
polarisation (LHCP). Unlike linear polarisation, circular polarised radiation is an effective technique 
to mitigate the transmitting and receiving antenna misalignment problems or any polarisation 
mismatch. Moreover, circular polarisation offers advantages for mm-Wave 5G over linear 
polarisation. It suppresses multi-path effects and phase deviations due to rain and snow. [15, 16].    
More importantly, in the case of 5G device-to-device (D2D) communication [17] between two mobile 
devices, polarisation efficiency can be extremely low if these devices work in opposing rotating 
modes. To resolve this issue, antennas with reconfigurable circular polarisation modes should be 
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used. To this end, reconfigurable CP antennas are an important factor in mitigating the mismatch in 
high mobility situations. 
1.2.3 5G/4G MIMO Antenna System for 5G Handsets Motivation and Advantages  
The multiple-input-multiple-output (MIMO) antenna system is seen as a key technology for an 
upcoming 5G and the 4G mobile antenna system to enhance the data rate [5, 18, 19]. As mentioned 
earlier, since 5G will work at mm-Wave, the current mobile handset needs to evolve to work at mm-
Wave as well as at the current sub-3 GHz band. This means more MIMO antennas need to be 
integrated inside the handset chassis to cover different technologies and spectrums. In other words, 
antenna footprints become large, considering the limited space inside the handset.  This disadvantage 
can be mitigated by developing a MIMO antenna system consisting of antenna elements that can 
cover multi-bands for 5G and 4G by using a single structure rather than two structures [14, 20-22]. 
To this end, MIMO 5G/4G is one of the key factors in the future 5G handset industry.  
1.3 Aim of the Thesis 
This dissertation is aimed at developing new reconfigurable and MIMO antenna systems for mm-
Wave 5G. For state-of-the-art technologies at mm-Wave 5G, although some promising designs have 
been reported, they are still at an early-stage and more novel improvements are required. Since 5G 
will work at mm-Wave, the following problems are investigated in the thesis and can be summarised 
as follow:  
1- Increased path loss and EM absorption by superficial parts of the human body;  
2- Increased polarisation misalignment at mm-Wave 5G devices;  
3- Increased necessary MIMO antenna system footprint for 5G and 4G inside the handset 
chassis.  
Multiple solutions will be provided in this thesis to cope with the mm-Wave at 5G challenges. After 
investigating previous work undertaken by other researchers, new designs have been proposed and 
verified.             
 
1.4 Original Contributions of the Thesis 
This research work undertaken to resolve the problems listed above, results in the following original 
contributions:   
1- Design of a 3-D Beam-steering System for mobile Handsets at 28GHz. This contribution 
includes  
a. a 28 GHz 3-D beam-steering system. The proposed system has the ability to steer the beam 
in three dimensions by utilising both sides of a printed circuit board for a two-dimensional 
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antenna array. Additionally, the beam-steering technique aims at reducing 
electromagnetic fields exposure from the mobile handset to human head as well as keep a 
reliable connection with the base station;  
b. a tunable in-phase power divider for 5G at 28 GHz. Apart from the beam-steering system, 
this work presents a tunable power divider that can be used in the feeding network to 
reduce the SLL of  antenna radiation from the antenna array. 
2- Design of two reconfigurable CP antennas for 5G at 28 GHz. This includes  
a. design of a single patch antenna with the functionality to switch between LHCP and RHCP 
using two p-i-n diodes and a simple feed circuit;  
b. design of a 4-element antenna array that can switch its operation between two rotating 
modes (RHCP and LHCP) using only 4 p-i-n diodes. 
3- Design of MIMO Antenna Systems for mm-Wave 5G and 4G handheld devices. The 
contribution includes  
a. a MIMO antenna system for multi-band mm-Wave 5G and wideband 4G applications.  The 
design integrates the requirements of both 5G and 4G antennas using only a single structure; 
b. an integrated frequency-reconfigurable 2-element slot antenna and connected slot antenna 
array for 4G and mm-Wave 5G mobile handsets. This design integrates 5G and 4G operations 
into a single structure. The proposed antenna system is compact and planar in structure, and 
so has potential for future mobile handheld devices.  
1.5 Thesis Organisation 
The research work undertaken in this thesis is organised as follows: 
Chapter 1 presents the background and underlying motivation behind the current research. The 
chapter starts with a discussion of the necessity of inventing 5G technology at mm-Wave. 
Additionally, the challenges of using mm-Wave bands for mobile communication are discussed and 
compared with the existing mobile technologies at low frequency. The aims and original contributions 
of the thesis are also outlined in detail.  
Chapter 2 overviews the different antenna systems for mm-Wave 5G applications, including beam-
steering, reconfigurable CP and MIMO antenna systems.   The existing beam-steering antenna 
systems are discussed first. The existing power divider designs in beam steering systems are also 
reported. Afterwards, the state-of-the-art development of reconfigurable CP antennas is discussed, 
including their limitation at mm-Wave 5G.  The chapter ends with a discussion of the challenges that 
5G and 4G MIMO antenna systems face in achieving a compact structure inside the handset.  
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Chapter 3 presents the design 3-D beam-steering antenna system at 28 GHz. It also investigates the 
effect of EM on the human head. A design for a tunable power divider for the beams-steering system 
is also introduced. Lastly, a feeding tunable circuit is proposed to validate the proposed tunable 
divider’s anticipated suppression of the beam-steering antenna system’s SLL. 
Chapter 4 introduces two designs of reconfigurable CP antennas applicable to mm-Wave 5G. First, a 
reconfigurable CP patch antenna is proposed. Second, a 4-element antenna array with a 
reconfigurable feeding circuit is designed and prototyped. Both designs present a novel technique for 
building reconfigurable CP antenna structures, using fewer p-i-n diodes.      
Chapter 5 presents the design and development of two 5G/4G MIMO antenna systems combined in 
a single antenna structure. The chapter starts with the design of a 4-element 5G/4G MIMO antenna 
system. Later, a design for a 2-element antenna array for a 5G/4G MIM system is presented. Both 
designs for future mobile handheld devices are prototyped and measured to validate their operating 
concept at mm-Wave and sub-3 GHz bands.  
Chapter 6 concludes the thesis with suggestions for future work. 
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Chapter 2 – Literature Reviews of Reconfigurable and MIMO Systems 
at mm-Wave 5G    
This chapter presents an overview of different antenna systems for 5G applications at millimetre-
wave (mm-Wave), beginning with a discussion of existing beam-steering antenna systems and their 
limitations at mm-Wave 5G mobile handset. Additionally, the existing power divider designs in beam 
steering systems at mm-Wave 5G are reported and the challenges in making the power division ratio 
tunable are elaborated. In the next section, the state-of-the-art development of reconfigurable circular 
polarisation (CP) antennas is discussed, including their limitation at mm-Wave 5G. Afterwards, the 
current MIMO antenna array technology for mobile handheld devices is presented. The challenges 
facing the current MIMO technologies when using mm-Wave 5G handsets are described as well.  
However, when investigating all literature related to this topic for this chapter, the number of research 
projects to be considered was found to be limited due to the near-standardisation of 5G at mm-Wave 
band.   
2.1 Design Technology for Beam-steering Antenna Systems at mm-Wave 5G 
Handset   
One of the key factors in designing a 5G mobile handset at mm-Wave, is building a beam-steering 
antenna system. The beam-steering system must maintain a reliable connection with the base station 
at high data rate [14] while reducing the electromagnetic field (EMF) exposure to the human head at 
the same time [23].  
Generally, there are several kinds of beam-steering techniques for an antenna array, including: 
manual, mechanically steerable antennas; digital tuning arrays; and electrically controlled phased 
arrays. Of all these techniques, beam-steering based on a phased array is the most widely used 
technique for the mm-Wave 5G handset. The advantages of using phased arrays include their fast 
radiation patterns, controllability, compact size, and seamless integration with other components of 
the mobile handset. A block diagram of a typical phased array antenna system is shown in Figure 2.1. 
Following the sequence from the input RF signal to the antenna array, there are power dividers and 
phase shifters to control the amplitude and the feeding excitation phase of the antenna array elements. 
The phase is used to tune the direction of the beam in the desired direction and the amplitude is used 
to suppress the side-lobe level (SLL). It is worth mentioning that planar antenna arrays can generate 
three dimensional (3-D) beam-steering, while linear antenna arrays generate two dimensional (2-D) 
beam-steering.   
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Figure 2.1 Block diagram of beam-steering antenna array system.  
 
In a mobile network, when users use the handset, they can move or orient the handset unpredictably. 
Compared to two dimensional (2-D) beam-steering, three dimensional (3-D) beam-steering in 
handsets enables better immunity to EMF exposure of the head, and maintains consistent network 
quality with the base station regardless of mobile orientation.  
Recently, several promising beam-steering designs have been proposed for mm-Wave 5G 
applications. Among them, 2-D phase shifter based designs have been proposed. A piezoelectric 
transducer controlled shifter (±2.3°) is deployed for mm-Wave 5G [24]. A proposed 28 GHz system 
with simulated results is reported in [25]. It uses two eight-element slot antenna arrays in a  metallic 
handset frame, fed by an RF integrated circuit (RFIC chip) with beam steering in 2-D  (±60°). A 
number of promising 3-D designs also exist, that utilise multiple feed ports [26, 27] (Figure 2.2(a)), 
or large feed networks [28] (Figure 2.2(b)), with wide 3-D steering angles.  
However, integrating a mm-Wave beam steering design in a mobile phone handset is a complicated 
challenge, given the required wide scanning angle capability and limited space in the mobile phone. 
Therefore, the aforementioned designs have their own limitations for 5G mobile handset applications. 
The phase shifter based designs tend to have limited steering angles [24]. The RFIC chip base 
approach shows the measured result of only a single antenna element. The 3-D designs rely on using 
multiple port feeds [26, 27], which can be too large for mobile handset integration, as in [28].      
The previous designs have focused on building a beam-steering antenna array for mm-Wave 5G. 
However, there is another important aspect of using mm-Wave that requires considerable attention, 
9 
 
which is the strong potential interaction between the radiated fields that come from the antenna at 
mm-Wave band [14], and the strongly absorbing surface layers of the human body [23]. As such, 
investigation into using beam steering to reduce the amount of EM radiation directed into the user's 
body, is of paramount interest.  Hence, a 28 GHz 5G beam-steering array antenna was proposed [23] 
to reduce EM exposure of the human head by using two subarrays located on the metal frame of the 
handset. However, that proposed design was built with a fixed beam direction and 2-D beam-steering 
was only performed in a simulated model. After reviewing all previously reported approaches, it has 
become evident that there are still some challenges remaining in the building of a beam-steering 
antenna array for the 5G handset that must be addressed. 
 
Figure 2.2 (a) Multiple feed port antenna array [26] © 2016 IEEE, and (b) large feeding circuit of 
antenna array [28] © 2018 IEEE.  
 
In relation to the above, it is nevertheless realised that a beam-steering system with a wide scanning 
angle causes an increase in the SLL of the antenna pattern. Therefore, to compress the SLL of the 
beam-steering system, and thus reduce interference, a tunable power divider is needed. The function 
of the tunable power divider is to control the power distribution of the antenna elements in a certain 
rule, such as Dolph-Chebyshev distribution, binomial distribution, Villeneuve distribution, Taylor 
distribution etc. [29]. As a result, the SLL can be suppressed to a low level at the expense of a slight 
increase in the angle on either side of the main beam [29]. Several power dividers have recently been 
proposed for mm-Wave band applications [24, 30-33]. In [24], an electromagnetic bandgap (EBG) 
was integrated with a Y-junction divider to feed a 5G antenna array at 60 GHz. Additionally, a typical 
1-4 Wilkinson power divider deployed to an antenna array operating at 28 GHz for 5G applications, 
was presented [30]. A 4-element beamformer for a phased array was designed by using SiGe 
BiCMOS technology at 28 GHz [31]. The beamformer included two cascaded 1:2 Wilkinson power 
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dividers as a part of the feeding circuit. A modified Wilkinson power divider with a frequency 
dependent isolation network was utilised in [32] to improve the isolation between the output ports in 
a wide band (25 to 45 GHz).  However, these reported designs were all fixed with either equal or 
unequal power division ratios. Building a tunable power divider requires tuning the equivalent 
impedance of the power divider’s branch lines, whilst matching all of the ports and providing the 
required isolation between the output ports across  the whole tuning range throughout the operating 
bandwidth. To fulfil these requirements, efficient matching techniques must be used. It should be 
noted that working at mm-Wave band can be difficult with respect to manufacturing and avoiding the 
parasitic effects of the lumped components at such a high frequency. Thus, when reviewing the 
literature, there is no surprise  at not finding any tunable power divider designed for 5G at mm-Wave 
band [20].      
 
2.2 Design Technology for Reconfigurable Circular Polarisation Antenna at 
mm-Wave for 5G Applications  
Circular polarisation (CP) is a key feature of 5G antenna design at mm-Wave to mitigate 
misalignment and multipath interferences. As stated previously, to avoid low polarisation efficiency 
in mobile communication, circular polarisation (CP) antennas with a switchable rotating mode feature 
need to be used. Using electronic components such as p-i-n diodes, is one of the most popular ways 
to realise reconfigurable circular polarisation antennas since they can be easily integrated into the 
antenna structure. To this end, reconfigurable CP antennas using p-i-n diodes at low frequency have 
been reported extensively in the literature. By integrating p-i-n diodes in the antenna structure and 
using patch antennas [34], slot structures [35, 36], the waveguide concept [37, 38], or loop antenna 
[39], reconfigurable polarisation antennas have been realised.  Alternatively, the reconfigurable 
polarisation feature can also be realised by using p-i-n diodes incorporated in the feeding circuit of 
the antenna array.  
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Figure 2.3 (a) 1 × 4 CP reconfigurable antenna array in [40] © 2018 IEEE, and (b) diode layout that 
produces the polarisation switching mechanisms. 
 
In [41],  a square patch with a T- shaped feeder and p-i-n diodes was proposed to realise polarisation 
(LHCP). Additionally, an annular patch antenna was proposed in [42] to yield RHCP and LHCP using 
a metasurface and a reconfigurable feeding network. The work in [43] proposed a reconfigurable 
feeding network that generates two orthogonal circular polarisations. All these designs utilised p-i-n 
diodes that exhibited nearly ideal performance at low microwave frequency range, i.e. nearly an open-
circuit in the OFF state and a short-circuit in the ON-state with low insertion loss and high isolation. 
There are two critical issues when adapting these designs for 5G applications at mm-Wave. First, 5G 
antennas require high gain; thus, often an array configuration is used, which requires a large number 
of p-i-n diodes and biasing components, as shown in Figure 2.3. More importantly, p-i-n diode 
performance is significantly degraded when it is used at mm-Wave [44], which severely affects the 
antenna performance. It is noted that mm-Wave CP antennas have been studied; however, the 
operation modes was limited to one mode of CP [45-48], or to multiple input ports to switch between 
two CP modes, which adds complexity when integrating with a feeding circuit [49, 50]. From the 
previous literature review, it is clear that reducing the number of diodes is desirable, and subsequently 
improves matching and reduces the insertion loss of the 5G antenna at mm-Wave.  
 
2.3  Design Technology for MIMO 5G/4G Antenna Systems of Mobile 
Handheld Devices 
In mobile communication, MIMO antenna systems deploy multiple antennas to send and receive 
multiple independent signals at the same time. This helps in achieving high data density and 
improving the link budget more than the traditional single-input, single-output (SISO) channels [51]. 
Therefore, for mm-Wave 5G, it is strongly expected that MIMO technology, which has already been 
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used by 4G, will be one of the most compelling components of the mobile network [52]. As mentioned 
earlier, many international organisations have suggested or licensed the mm-Wave spectrum as the 
operating frequency of 5G, including 24, 28, 37, 39, and 60 GHz [7-10].  To that end, it is paramount 
to evolve smartphones to incorporate mm-Wave 5G antenna with existing sub-6-GHz antennas inside 
the handset, as exemplified in Figure 2.4. However, mobile terminals have limited space and adding 
more antenna elements requires extra space, which is a significant challenge in the smartphone 
industry. Therefore, the solution is to combine 5G and 4G antennas in one structure rather than two 
structures [14, 20-22].  
 
 
Figure 2.4 Illustrative diagram of the future handset incorporating mm-Wave 5G antennas with 4G 
and 3G antennas at sub-6-GHz [14] © 2017 IEEE. 
 
Recently, many research efforts have been invested in trying to satisfy the 4G and/or 5G antenna 
requirements for MIMO application at the sub-6 GHz band. Some researchers have built MIMO 
antenna systems for 5G and 4G by using separate antenna structures [53-55]. Additionally, 5G and 
4G antenna models for LTE bands 42/43 and LTE band 46 have been proposed, utilising an inverted 
L-shaped open slot antenna [53] or the bent strip structure in [54]. C-shaped coupled feed and L-
shaped monopole slot approaches were investigated in [55] at the sub-6 GHz spectrum. Some other 
researchers have further miniaturised the size of the MIMO antenna footprint by using a single 
antenna structure with multi-band or wideband bandwidth to cover both 5G and 4G bands.  For 
instance, T-shaped or coupled-feed approaches were investigated in [19, 56, 57] at the sub-6 GHz 
spectrum for 5G or 4G applications. However, there are critical issues when adapting these designs 
to 5G at mm-Wave and to 4G at sub-3 GHz in the MIMO system. The operating frequency of 5G at 
mm-Wave is far from the operating frequency of 4G, which makes it difficult when designing a single 
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antenna structure to cover such a wide bandwidth. More critically, due to the high path loss at the 
mm-Wave band, the gain from the 5G antenna should be high compared with that from the 4G. Hence, 
it is comparatively hard to utilise a single structure to generate a high gain at mm-Wave and low gain 
at sub-3 GHz. To that end, it is noted that only a few MIMO antenna designs have been built for 5G 
at mm-Wave and 4G at sub-3 GHz utilising two separate antenna structures [58, 59] or a single 
antenna structure [60]. Unfortunately, those reported designs are large in terms of the scarce real 
estate of the mobile terminal.  
2.4 Summary  
In this chapter, the existing state-of-the-art designs of beam-steering and reconfigurable CP and 
MIMO antenna systems were described at mm-Wave 5G. Examples of antenna design at low 
frequency were given, and the challenges of upgrading them to the mm-Wave band were outlined. It 
has been clearly shown that although there has been some promising research work done recently in 
designing antennas at mm-Wave, extensive research is still required to improve the performance of 
the 5G antenna. In terms of beam-steering, the 5G antenna system needs improving with respect to 
the beam-steering angle, reducing SLL, and the potential interaction between the radiated fields from 
the antenna to the human body. Additionally, reducing the number of used diodes in building 
reconfigurable CP antenna arrays is required at mm-Wave to improve the overall performance of the 
antenna. Furthermore, it is inferred from the literature review that the current MIMO antenna systems 
need to evolve to cover mm-Wave 5G and to be compact because of the scarce real estate of the 
handset. In the following chapters, various antenna designs at mm-Wave that overcome these 
limitations will be presented.   
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Chapter 3 -Three-Dimension Beam-steering System for Mobile 
Handsets at 28 GHz   
3.1 Introduction  
The use of bandwidth for mobile and cellular networks has been increasing at an unprecedented rate, 
with many emergent applications. The predicted increase in mobile network utilisation requires a 
high data rate capacity. The current limited capacity of the fourth generation (4G) mobile network is 
not expected to satisfy the predicted high data demand by 2020. To meet this requirement, a new fifth 
generation (5G) mobile network has been proposed [4]. In order to reach high capacity demands, 5G 
requires a wide frequency bandwidth, which is not available in the sub-3 GHz frequency spectrum, 
one of the potential frequency band candidates for 5G mm-Wave around 28 GHz [2, 61].  
At mm-Wave, the path loss can be particularly high, having a significant impact on the transmitted 
or received mobile signal [4, 11]. To counteract this loss, a directive antenna could compensate the 
high path loss of the link. Therefore, the concept of a directive antenna with beam-steering capability 
has attracted considerable attention at mm-wave, compared with the sub-6 GHz frequency band. 
Integrating an mm-wave beam steering design into a mobile phone handset is a complicated 
challenge, with consideration needed for the limited available space, the required integration with 
other components of the handset and the circuit complexity of the full beam-steering system. In 
addition, at mm-Wave, the radiated fields from the antenna are strongly absorbed by the surface layers 
of the human body.  Therefore, using the beam steering to reduce the amount of EM radiation directed 
into the user’s body is of paramount interest. Thus, a key factor in developing a complete beam-
steering system for mobile handsets is to keep a reliable connection with the base station at a high 
data rate, while reducing the EMF exposure to the human head at the same time. 
In this chapter, a novel 28 GHz 3-D beam-steering system is proposed first. It meets the requirements 
necessary to perform 3-D beam steering at a wide angle; and it also investigates the effect of EM 
exposure on the end user. The 3-D beam-steering capability is achieved by combining two subarrays. 
For demonstration of the concept of the beam-steering capability, a full circuit of 2-D beam-steering 
prototype is built. The full beam-steering circuit consists of a two-layer dipole antenna array at the 
two sides of the main PCB, two Wilkinson power dividers, two digital phase shifters (which use a 
novel technique of integrating the p-i-n diodes in the feeding circuit) microstrip-to-coplanar stripline 
baluns and a novel two-layer slot-microstrip power divider. Moreover, to further improve the 
performance beam-steering system, a tunable power divider for 5G beam-steering feeding circuit 
forming, has been presented. The tunable power divider is used to tune the feeding amplitude of an 
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antenna array. Last but not least, a feeding tunable circuit is proposed to validate the potential of using 
the proposed tunable divider to suppress the side-lobe level (SLL) of the antenna radiation pattern.   
  
3.2 Millimeter-Wave Three-Dimensional Beam-Steering System for 5G 
Handsets  
3.2.1 Design of the 3-D Beam-Steering System  
The geometry of the antenna arrangement for the proposed 3-D beam-steering system is illustrated in 
Figure 3.1. The system uses (4×2) dipole antenna subarrays, microstrip-to-coplanar stripline baluns, 
and 50 Ω microstrip line. It has 4.9 mm centre-to-centre spacing between adjacent dipoles (0.45 λ at 
28 GHz). The system is built using two substrates with three layers (top and bottom layer that are 
separated by a ground layer). Each of the top and bottom layers contains 4×1 dipole antennas. 
Microstrip-to-coplanar stripline baluns are used to connect the antenna array to the feeders [62]. Each 
antenna element is composed of printed dipole with a truncated ground plane that works as a reflector. 
The structure is printed on dielectric substrate Rogers TMM6 with relative permittivity 𝜀𝑟 = 6, loss 
tangent of tan 𝛿= 0.0023, and thickness = 0.381 mm. The two-dipole sub-array technique enables the 
system to steer the beam in the H-(yz) plane, while the 4×1 antenna arrangement in each layer enables 
the beam steering capability in the E-(xy) plane. Therefore, combining both planes gives 3-D beam-
steering capability. The antenna is characterised via HFSS to ensure good impedance matching at 27.5-
28.5 GHz. Figure 3.2(a) represents the simulated performance of the 4×2 antenna array. The bandwidth 
for a reflection coefficient < −10 dB is (27.5–28.5 GHz). Figure 3.2(b) shows the normalised radiation 
pattern of the antenna array for the E-(xy) and H-(yz) planes. It is noted that the array system produces 
typical end-fire radiation when all the ports are excited with the same phase and amplitude. 
To study beam steering capability of this design, the eight ports of the antenna array are fed with the 
same power, while the steering is achieved by controlling the phase at each port. The 3-D radiation 
pattern of the antenna with relevant gain values at different beam steering angles at 28 GHz are shown 
in Figure 3.3. This design has the ability to yield beam steering of up to ±55° in the H-plane. It is 
worth mentioning that the maximum beam steering for the antenna beam-steering system without 
using balun in the E-plane is ±85. However, only ±35° is achieved once balun is employed to feed 
the differential dipole antennas. The simulated maximum gain is 10 dBi. 
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Figure 3.1 Dipole antenna array structure. Dimensions (mm) are D1 = 2.18, D2 = 0.3, D3 = 0.85, D4 
= 0.59, D5 = 0.5, D6 = 0.65, D7 = 0.1, D8 = 0.2. 
 
 
Figure 3.2 (a) Simulated reflection coefficients of the antenna array, and (b) radiation pattern. 
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Figure 3.3 3-D radiation pattern at different beam steering angles. 
 
3.2.1.1 Reduction of Electromagnetic Field Exposure by using beam-steering 
Using a higher frequency (mm-Wave) band increases the concentration of absorbed energy at 
superficial parts of the human body (including the head), which might cause superficial burns [14]. 
Therefore, reducing EMF exposure to the human head is one of the most important factors for 
ensuring the safety of emerging 5G technologies. One of the main advantages of the proposed design 
is to resolve the aforementioned EM exposure to the user head, by steering the beam towards the base 
station.  
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The EM exposure level at low frequency for current technologies, including 3G and 4G, is examined 
by using the specific absorption rate (SAR). However, at mm-Wave, the regulation regarding EM 
exposure was changed from a SAR limit to power density (PD) as per the Federal Communications 
Commission (FCC) and International Commission on Non-Ionising Radiation Protection (ICNIRP) 
[13]. Therefore, in this design, the PD is evaluated rather than the SAR [63]. 
In order to investigate the EM exposure using the proposed antenna array design, an MRI-derived 
realistic human head phantom with the proposed antenna array of Figure 3.1 is simulated by using 
the electromagnetic tool, CST Microwave [64]. The setup for the investigation is shown in Figure 
3.4(a). By considering the thickness of the handset’s chassis, a separation distance of 5 mm is 
maintained between the antenna array and the head phantom. Different tissues of the head phantom 
are defined by using their frequency dispersive dielectric properties over the band of 27.5-28.5 GHz 
[65]. 
 
 
Figure 3.4 Simulated power density (PD) distribution in the head phantom for the proposed antenna 
array system at 28 GHz. 
 
The simulated PD on the skin of the head is calculated for five beam steering angles (modes) as shown 
in Figure 3.4(b-f). These modes are selected in talk mode to cover any possible scenarios of using the 
handset while the antenna beam is directed to the base station. PD distribution in modes 1, 2 and 3 
are shown in vertical cross section, while modes 4 and 5 are in the horizontal one. In mode 1, when 
the beam is directed to the Z axis, PD is in the range of 1000 to 1400 W/m2, as shown in Figure 3.4(b). 
However, when the beam is tilted to 55° towards the human head in mode 2, the power density 
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becomes maximum at peak 1540 W/m2 as expected–see Figure 3.4(c). On the other hand, when the 
beam is tilted to -55° in mode 3, the peak value does not exceed 50 W/m2, as indicated in Figure 
3.4(d). This significant reduction is caused by tuning the beam to the opposite direction of the head. 
Similarly, the values of PD of modes 4 and 5 are very close to those of mode 3, which implies that 
beam steering in the H-plane is more critical than in the E-plane for reducing EM exposure value 
towards the head. As for the H-plane, E-plane beam steering is important to keep consistent 
connection between the handset and the base station. Based on information provided in Figure 3.4(g), 
the beam steering technique of this design succeeds in redirecting around 92% of the power radiated 
from the antenna array away from the head and toward the base station.  If the beam steering technique 
of this design is used, any possible adverse health effects on the human head are significantly reduced.  
It is to be noted that the available thresholds of PD released by FCC or ICNIRP are just for far-field 
scenarios. They do not provide guidelines to evaluate power density near human bodies, nor do they 
provide relevant rationale [66]. For that reason, the evaluated PD in Figure 3.4(g) cannot be claimed 
to satisfy the requirement of the standards threshold of PD in the near-field. However, the proposed 
3-D beam-steering provides an indication to mobile manufacturers of the possibility and limits of 
increasing the transmitted power from the handset to compensate the path loss at mm-Wave, while 
maintaining the EM exposure within the safe levels.  
For demonstration of the concept of this design, a 2-D beam antenna beam-steering is built, including 
this 4⨯2 antenna array, a well-known Wilkinson power divider [67], proposed ±90° digital phase 
shifter and multilayer power divider. 
3.2.2 Digital Phase Shifter  
The traditional switched-line phase shifter consists of four diodes to control the flow of signal 
between two transmission lines of different lengths. The resulting difference in the effective length 
then produces the required phase shift [67]. However, reducing the number of diodes (switches) at 
mm-Wave provides a significant advantage in reducing the power consumption and design 
complexity. Therefore, the stub switched phase shifter technique with just three diodes [68] is used, 
as shown in Figure 3.5(a). In [68], T-type p-i-n diode connections are adopted to connect the diodes 
with the transmission line. Using this junction type at high frequency (mm-Wave) produces more 
spurious signals, narrow bandwidth and high loss. This is because of the discontinuity at the T-type 
connections and the bends generating high order modes. In addition, the diodes at mm-Wave have 
poor performance compared with those at  low frequency [67].  
20 
 
 
Figure 3.5 (a) T- Junction phase shifters, (b) Y- Junction phase shifters, (c) simulated spurious 
radiation for the Y-Junction and T-Junction phase shifter, and (d) simulated S-parameter results for 
the Y-Junction and T-Junction phase shifter. 
 
To cope with this problem, and after doing a parametric study of possible diode orientations, the use 
of Y-type p-i-n diode connections, instead of the T-type connections, is proposed (Figure 3.5(b)), for 
connecting the diodes with microstrip lines. Using Y-type p-i-n diode connections reduces the 
spurious propagation emitted from the phase shifters that overlap with the desired radiation from the 
antenna array, as shown in Figure 3.5(c).  As seen in this figure, using T-type p-i-n diode connections 
generates around a 5 dB spurious signal, while the Y-type reduces this signal to around 2 dB, although 
this level still causes some adverse effects on the performance, as discussed in Section 3.2.2. In 
addition, a significant improvement in matching bandwidth and insertion loss is obtained by using Y-
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type rather than T-type p-i-n diode connections, as shown in Figure 3.5(d).  The Y-type achieves a 
better insertion loss (less than 2.12 dB) and wider impedance bandwidth than the T-type. 
 
 
Figure 3.6 Digital phase shifter. (a) 3-D structure, (b) top- layer. Dimension (mm) are: D9 = 3, D10 = 
2.45, D11 = 2, D12 = 0.579, D13 = 0.422, D14 = 1.22, D15 = 2.15, D16 = 3, D17 = 0.08, D18 = 1.27, (c) 
layout of SLPF, and (d) simulated performance of SLPF. 
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Two switched-line phase shifters are designed at 28 GHz to feed the two layers of the antenna array 
and produce 0° and ±90° phase differences between these two layers to enable steering in H-plane. 
The phase shifter is built into each side of the substrate, as shown in Figure 3.6(a). Figure 3.6(b) 
shows the top layer of the structure, which is in symmetry with the bottom layer. p-i-n diodes (MADP-
000907-14020W) from M/ACOM  [69] are used in this design. The on-state equivalent circuit is 
(𝑅𝑜𝑛 = 3Ω, 𝐿𝑜𝑛 = 0.045 𝑛𝐻 ) and the off-state equivalent circuit is ((𝑅𝑜𝑓𝑓 = 300𝑘Ω, 𝐶𝑜𝑓𝑓 = 42𝑓𝐹 ) 
[70]. As part of the biasing circuit, two DC power supplies 𝑉1 and 𝑉2 and DC block capacitor 𝐶1of 
0.01 µ𝐹, are used. The available RF chokes that work at mm-Wave are relatively large [4], therefore 
four stepped-impedance low pass filters (SLPF) are employed instead. The SLPF works ideally like 
a short circuit for DC power supply and an open circuit for RF signals at mm-Wave.  The SLPF 
consists of a quarter wavelength high-impedance transmission line and a low-impedance pad. The 
SLPF structure and its simulated performance are shown in Figure 3.6(c). The RF signal is blocked 
from flowing between ports 1 and 3 by a more than 22 dB insertion loss, whereas the required mm-
Wave flow is enabled between ports 1 and 2 with only 0.4 dB loss over the operating frequency band. 
In addition, two quarter wavelength transformers are used at each end of the phase shifter to improve 
the matching and reduce the insertion loss. 
3.2.3 Two-Layer Power Divider  
This proposed design consists of a three-conductor layer structure. The input port and one of the 
output ports are located in the top layer; the middle layer represents the ground layer; and the second 
output port is located in the bottom layer, as shown in Figure 3.7. These three layers are separated by 
two dielectric layers. Unlike [71] that has the output ports in the same layer, this design has the output 
ports in different layers (top and bottom layers), which is necessary for the proposed antenna array 
structure. To feed the input power to the two output ports in different layers, microstrip to slotline 
transitions are employed. The narrow slotline of this transition is used to direct the signal from the 
input to the two arms of the output ports with the same phase, as can be seen in Figure 3.7(b). The 
input microstrip line is ended with a capacitive circular stub, while the slotline is ended with an 
inductive circular slot. These capacitive and inductive stubs are used to couple the signal between the 
microstrip and slotline. The length of the slot is determined to be approximately a quarter of the 
effective wavelength at the centre frequency of operation (28 GHz) [72]. To have high matching in 
the microstrip ports, impedance of the slot as seen from the microstrip line, is equal to (𝑍𝑠𝑁
2), where 
the impedance transformation ratio 𝑁 and the slot impedance 𝑍𝑠 depend on the slot width and the 
substrate characteristics as given in [73, 74].  In this design, the slot width is chosen to give an 
impedance of 100 Ω and 𝑁 = 0.91. As a result, the impedance of the slot, as seen from the microstrip 
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line, is (100 ⨯ 0.912 = 82 Ω). This impedance is relatively high due to the fabrication limitation of 
slot width at mm-Wave. To improve the matching, a quarter wavelength transformer is added to the 
microstrip feeding transmission line, as shown in Figure 3.7(c). Figure 3.7(e) represents the 
performance of this power divider. It yields reflection loss of more than 11 dB over the designed 
bandwidth (27.5-28.5) GHz, with an insertion loss of 1.2 dB.    
 
 
Figure 3.7 Digital phase shifter. (a) 3-D structure, (b) top- layer. Dimension (mm) are: D9 = 3, D10 = 
2.45, D11 = 2, D12 = 0.579, D13 = 0.422, D14 = 1.22, D15 = 2.15, D16 = 3, D17 = 0.08, D18 = 1.27, (c) 
layout of SLPF, and (d) simulated performance of SLPF. 
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3.2.4 Layout of the Antenna Array System 
The geometry of the whole antenna array system, after integrating all components, is illustrated in 
Figure 3.8. It is planar, compact and fits within (35.8 𝑚𝑚 ⨯ 24 𝑚𝑚). It includes 4⨯2 diploe antenna 
arrays, balun, two Wilkinson power dividers, switched-line phase shifters, a multilayer power divider 
and the feeding line. The planar feature allows other parts of the handset’s components to be easily 
integrated into the design. Because the two digital phase shifters can produce 0° and ±90° phase 
differences, the fabricated prototype can yield three modes of operation. These modes can steer the 
main beam of the antenna in three directions in the H-plane, as shown in Table 3.1. The S-parameters 
of the design for the three operating modes are shown in Figure 3.9. In all these modes, the reflection 
coefficient is less than −10 dB across the 27.5–28.5 GHz band. Modes 1 and 3 have similar reflection 
coefficient plots.  
The simulated H-plane radiation patterns for the three modes are shown in Figure 3.10. The antenna 
system successfully steers the beam in three directions (−55°, 0°, 55° ).  However, there are some 
undesired dips or back loops in the pattern radiation and these are denoted by the red circles in Figure 
3.10. These do not exist in the simulated antenna radiation of the dipole antenna array without the 
feeding circuit, as shown in Figure 3.2(b), which indicates that the feeding circuit, including the power 
dividers and the digital phase shifter, cause these dips. To investigate the cause of these dips, the 
electric field distribution of the whole design, including the antenna arrays and the feeding circuit, is 
calculated using HFSS, as shown in Figure 3.11. By focusing on mode 1 in the H-plane as an example, 
the spurious signal, denoted by a black circle, is noteworthy. It propagates from the feeding circuit to 
overlap with the radiation of the main antenna arrays. The main component of this overlapped signal 
is cross polarisation. This overlapping causes the unwanted dips and back loops in the main pattern 
of the design. The spurious radiation increases with frequency, as noted in [75]. Since the proposed 
design is tested at high frequency (28 GHz), this problem becomes explicit in the results.   
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Figure 3.8 3-D topology of the antenna array system 
 
Table 3.1 
Mode 
Phase 
difference 
Gain 
(dBi) 
Main beam direction in H-plane 
(𝜽𝒎𝒂𝒙) 
1 90° 6.2 −55° 
2 0° 6.7 0° 
3 −90° 6.4 55° 
 
 
Figure 3.9 Reflection coefficients of mode1s, 2 and 3. 
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Figure 3.10 Simulated H-plane radiation of modes 1, 2 and 3. 
 
To overcome the problem of spurious radiation, double layers of an absorber (SB1007-040-6P) are 
added above the feeding circuit on each side of the substrate. Figure 3.12 shows the difference in the 
electric field distribution with and without using absorber layers in the H-plane. It is clear that after 
adding the two layers of absorbers, the spurious signals are suppressed on both sides of the substrate. 
As a result, this reduces the overlapping with the main radiation of the antenna array.      
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Figure 3.11 The electric field snapshot of the design in E and H planes 
 
Figure 3.12 The electric field snapshot of the design in H planes. (a) Without absorber, and (b) with 
two layers of absorbers. 
 
3.2.5 Fabrication, Measurement and Discussion   
To verify the antenna performance, a prototype was fabricated, as shown in Figure 3.13. The results 
for the reflection coefficient and radiation patterns are shown in Figure 3.14 and Figure 3.15 
respectively.  A LOESS smooth technique in MATLAB was used to remove the noise from the 
measured radiation pattern. The measured results are in good agreement with the simulated values. 
The differences between them at this high frequency could be caused by the tolerance in the dielectric 
constant of the substrate, the misalignment of the design’s layers, especially due to the use of plastic 
screws to affix the layers together, and other possible fabrication errors [76]. The simulated directivity 
and gain of the three modes across the band, are shown in Figure 3.16. The variation of gain across 
the bandwidth of each mode is less than 0.8 dB. By comparing the gain with the directivity results, a 
difference of around 4 dB can be observed. According to the results discussed in Section 3.2.3 and 
Section 3.2.2, the insertion losses of the two-layer power divider and digital phase shifter on each 
side of the substrate are 1.2 dB and 2.12 dB respectively. In addition, the insertion loss of the 
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Wilkinson power divider is 1.2 dB at each port, which is not plotted here for the sake of brevity. 
Therefore, the whole insertion loss of the system is 4.5 dB (1.2 dB+2.12 dB+1.2 dB), which is 
reasonable when compared with the difference between the directivity and the gain. The main 
insertion loss comes from the digital phase shifter, as will be discussed in Section 3.2.4. Based on the 
above calculations, the simulated radiation efficiency of this antenna array system is between 35% 
and 40%.  
Table 3.2 shows a summarised comparison between the proposed and reported antenna beam-steering 
designs at mm-Wave. Beam-steering systems, but only of 2-D beam-steering capability, were 
proposed [24, 25, 77, 78] using different techniques. In [26, 28] 3-D beam-steering is achieved by 
using multiple feeding ports.  The proposed design has 3-D beam-steering with one excitation port, 
compact size and fully integrated feeding circuity features. Moreover, it can significantly reduce 
exposure of the human head to EM when 5G mobile handsets are used.  
 
 
Figure 3.13 Fabricated prototype. (a) Top view, (b) bottom view, and (c) prototype with absorbers. 
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Figure 3.14 Measured and simulated reflection coefficients of mode1s, 2 and 3. 
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Figure 3.15 Normalised 28 GHz radiation pattern of mode1s, 2 and 3. (a) E-plane, and (b) H-plane. 
 
 
Figure 3.16 Simulated gain and directivity of the design. 
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Table 3.2 Comparison between proposed and reported mm-Wave antenna beam-steering designs. 
Ref. 
Array 
size 
BW 
(GHz) 
Steering 
capability 
Phase 
generation 
technique 
Using 
beam-
steering 
to reduce  
EM 
exposure 
Fits 
inside 
handset 
[77] 1 ˟ 3 34-36 2-D (±60°) 
7 diodes 
integrated in 
the feeding 
circuit 
No Yes 
[24] 4 ⨯ 4 27.3-29 2-D (±20°) 
Using 
multiple ports 
No No 
[78] 1 ⨯ 5 N/A 2-D (±16°) 
2 integrated 
phase shifter 
(MMIC) 
No N/A 
[25] 
Two 
subarray  
(1 ⨯8) 
27.5-30 2-D (±60°) RFIC No Yes 
[26] 3 ⨯ 3 27.3-29 3-D (±20°) 
Using 
multiple ports 
No Yes 
[28] 4 ⨯4 28-32 
3-D (±80°) 
and (±88°) 
Using 
multiple ports 
No No 
This 
work 
2 ⨯ 4 
27.5-
28.5 
3-D (±55°) 
and (±35°) 
6 diodes 
integrated in 
the feeding 
circuit 
Yes Yes 
 
3.3 Tunable In-Phase Power Divider for 5G Cellular Networks 
Previous sections focussed on realising a beam-steering antenna array system using tunable 
(switchable) phase shifters. Such an approach might result in large SLL, especially at wide scanning 
angles. To supress those side lobes, the excitation amplitude of the antenna array elements should be 
adjusted [29]. A tunable power divider is needed. Thus, this section describes a tunable power divider 
suitable for the beam-steering circuit of the future 5G antenna array of handset devices. The concept 
of this power divider involves a modification of the Wilkinson design to operate from 27.5 to 
29.5 GHz.  
3.3.1 Proposed Design 
The configuration of the proposed tunable power divider is shown in Figure 3.17(a). The design is 
developed in microstrip technology on the substrate RT/duroid-5880 with dielectric constant = 2.2 
32 
 
and thickness = 0.127 mm. To enable tuning the output power level, a pair of varactor-loaded open-
ended L-shaped stubs is connected at the two branch lines of the structure. The utilised stubs enable 
tuning the power ratio while providing the required matching at all of the ports, and thus acceptable 
power division flatness. By varying the biasing of those varactors, their capacitances are changed. 
Therefore, the equivalent impedances of the two branch lines, which are connected to these two 
varactors, are changed and thus the power division ratio can be modified. To improve the matching 
of the output ports at different power divisions, two asymmetrical coupled lines are included as 
impedance transformers at those ports. Also, a stepped-impedance matching transformer is added to 
the input port to improve its matching [67]. An isolation resistor (R) is connected between the output 
ports to improve their isolation. 
Details of the L-shaped stub, which is the main modification applied to the traditional Wilkinson 
design, is shown in Figure 3.17(b). The varactors are shown to be connected effectively to ground 
layer through a quarter-wavelength open-ended stub (𝐿𝑆) at the central frequency (28 GHz). For any 
power division ratio between the output ports, (𝐾2) the required input impedances of the two L- 
shaped transmission lines, which are denoted by 𝑍𝑇𝑆(1) and 𝑍𝑇𝑆(2), should be different. By using the 
ABCD matrix technique [67, 79] , the following design equations are obtained: 
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where 𝑍0 is the impedance at the input and output ports (50 Ω). Initially, an equal power division 
condition is considered in the analysis (𝐾2 = 1), then (2) will be equal to (3) and 𝑍𝑇𝑆(1) and 𝑍𝑇𝑆(2) 
will have the same value. Figure 3.18 shows the relationship between the values of 𝑍2 and required 
𝑍𝑍𝑇𝑆 versus 𝜃2(0°<𝜃2<180°). When 𝜃2 becomes close to 90°, 𝑍2 approaches 70.7 Ω and the required 
ZTS will be an open circuit. In this case, the design will work like a normal Wilkinson power divider; 
as a result, the varactors will not have a significant impact on tuning the power division ratio, so this 
value of 𝜃2 should be avoided. In addition, due to fabrication process limitations, and in order to have 
reasonable circuit dimension at 28 GHz band, it is preferred that 𝜃2 not  be less than 90°. Therefore, 
the best possible values of 𝜃2 that satisfy (1), (2) and (3) will be between 120° and 150°. By assuming 
the reasonable value of 𝜃2 = 135°,the required value of 𝑍2 from Figure 3.18 is 𝑍0/2.   
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(a)                                           (b) 
Figure 3.17 (a) Schematic diagram of the proposed tunable power divider, and (b) details of the 
utilized L-shaped stub. Dimensions (mm) are: W0 = 0.4, W1 = 0.46, L1 = 2, W2 = 1.15, L2 = 2.67, Ws 
= 0.29, W3 = 0.44, L3 = 0.25, W4 = 0.3, L4 = 1.27, W5 = 0.44, L5 = 0.45, W6 = 0.06, LC = 1.8, W7 = 
0.14, S1 = 0.08, LS = 1.59.  
 
 
 
Figure 3.18 The required values for 𝑍2and 𝑍𝑇𝑆 versus𝜃2. 
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Based on transmission line theory, ZTS can be calculated as a function of the varactor impedance,  
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where 𝐶 is the capacitance value of the varactor. While ferroelectric varactors could be a good option 
for our design, the selected varactor is the available hyper abrupt varactor diode (MAVR-000120-
1411), which is suitable for the 28 GHz band used, and has a capacitance tuning range from 0.17 to 
1.1 pF. For equal power, division ratio 𝐶 = 𝐶𝑉1 = 𝐶𝑉1 = 0.4 pF, which is equivalent to the middle 
varactor impedance within the tuning range of the varactor, is selected. By applying 𝑍𝑇𝑆 from (2) or 
(3) in (4) and (5), the remaining unknown parameters of the L-shaped structure are 𝑍3, 𝑍4 and 𝑍5. 
Thus, no one solution can be directly obtained. Instead, several iterations (parametric solutions) are 
calculated and the optimial values of these variables are then selected. For example, 𝑍3 = 𝑍5 = 𝑍𝑜; 
with the aforementioned values, the even-odd mode analysis reveals that the required isolation 
resistor is actually 𝑍0. To change the power division, the capacitance of one varactor is decreased, 
whereas it is increased for the other. Therefore, by applying 𝑍𝑇𝑆(1) from (2) in (4) and (5), the 
equivalent capacitance value 𝐶 for the first varactor 𝐶𝑉1 is obtained; and by applying 𝑍𝑇𝑆(2) from (3) 
in (4) and (5), the capacitance value 𝐶 for the second varactor 𝐶𝑉2 is obtained. 
To enhance the matching in the output ports, two pairs of asymmetrical quarter-wavelength coupled-
line transformers are used. They can handle more impedance transformation across wide frequency 
bands [71, 80, 81] and can eliminate the need for DC blocking capacitors. To design the coupled 
lines, tight coupling (high even mode and low odd mode) is required across the tuning power division. 
To achieve that, a narrow gap between those lines is needed, and that causes manufacturing 
difficulties. Thus, two slots are created in the ground underneath the coupled lines to increase the 
even mode impedance [82].  
The initial dimensions of the main design parameters are obtained by using the previous analysis, 
whereas the final dimensions are obtained using ADS and then optimized using HFSS as given in 
Figure 3.17.    
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3.3.2 Results and Discussion 
Figure 3.19(a) shows the layout of the designed tunable power divider. The top layer includes the 
main structure of the power divider and the biasing circuit of the two varactors. The biasing circuit is 
realised by using three RF chokes (𝑅𝐹𝐶) of 0.7µH and one DC block capacitor (𝐶𝑏 ) of  0.01 µF. The 
two varactors are denoted by 𝐶𝑉1and 𝐶𝑉2 and the capacitance tuning range can be changed by using 
biasing voltage from 0 to 10 V [83].  
 
Figure 3.19 (a) Layout of the top layer, and (b) layout of bottom layer. 
 
A prototype, shown in Figure 3.20, is fabricated and tested. Figure 3.21 shows the simulated and 
measured results at equal power division state (1:1) through the band from 27 GHz to 29 GHz with 
𝐶𝑉1 = 𝐶𝑉1 = 0.4 pF and 𝑉1 = 𝑉2= 5 V. To provide an accurate comparison with the simulations, the 
insertion loss of the added test connectors, which is provided by the connectors’ manufacturer, and 
the slight asymmetry between the transmission lines and cables connected to ports 2 and 3, are 
calibrated out. The measured S21 and S31 are -4.5 dB and -4.14 dB respectively, compared with the 
simulated ones of -3.5 dB for both S21 and S31. More than 12.5 dB input and output port return losses 
are achieved across the same band with 10.7 dB measured isolation between the output ports. The 
measured phase difference is 1.7° between the output ports.  
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Figure 3.20 Fabricated prototype. 
 
 
Figure 3.21 The performance at equal power division. 
 
 
Figure 3.22 The performance at the maximum tunable power division. 
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By varying the biasing voltages (V1 and V2) of the varactors independently, the equivalent varactors’ 
capacitances are also varied and thus a tunable power division ratio can be achieved. It is found that 
the maximum obtained power division ratio is (2.3:1) when Cv1 = 1.1 pF and Cv2 = 0.2 pF as shown 
in Figure 3.22 and the correct values for 𝑉1 and 𝑉2 are obtained from the varactors’ datasheet. The 
measured S21 and S31 are 3.3 dB and -6.8 dB respectively, compared with the simulated ones of -2 
dB and -6 dB across the 27-29 GHz band. More than 10 dB input and output port return losses are 
achieved across the same band with 11 dB isolation between the output ports. The phase difference is 
less than 5° in the simulations and 12° in the measurements. The slight discrepancies between the 
simulated and measured results are due to the unavailability of varactors’ equivalent circuit models 
and the inaccuracies of hand soldering. 
3.4 Tunable Power Divider for SLL Suppression  
One of the solutions for suppressing the side-lobe (SLL) of the antenna array is to control the exciting 
power of each antenna element.  By using a specific type of power distribution such as Dolph-
Chebyshev, Binomial, or Taylor  in the feeding antenna array, the required SLL can be achieved. This 
can be realised by using a tunable power divider in the feeding circuit rather than a traditional equal 
power divider. Therefore, in this section, the proposed Wilkinson tunable power divider, presented in 
Section 3.3 (Figure 3.17), will be discussed as a  control for the feeding excitation of the two dipole 
antenna subarrays described in Section 3.2.1 (Figure 3.1). By using this power divider, the required 
SLL suppression level can be achieved. Dolph-Chebyshev distribution will be used to suppress the 
SLL to 20 dB. Since the two dipole subarrays are identical, Figure 3.23  represents the configuration 
of the proposed tunable feeding circuit with one antenna subarray only; the other tunable feeding 
circuit with the second antenna subarray, is not mentioned for the sake of brevity. The proposed 
feeding circuit consists of two stages, as shown in Figure 3.23. The first stage consists of a traditional 
Wilkinson power divider, used to split the input signal (Port 1) into two identical output signals. The 
second stage consists of two tunable power dividers with four output ports (Ports 2, 3, 4, and 5). The 
four output signals are controlled by four voltages named V1, V2, V3,  and V4. The power distribution 
of this tunable feeding circuit is separated into two possible cases: 
1) No SLL: when all output signals are identical (ideally -6 dB) as shown in Figure 3.24(a); 
in this case, all biasing voltages are set to 0.4 V. 
2) 20 dB SLL: when power signals are set based on Dolph-Chebyshev distribution to achieve 
20 dB SLL suppression. The targeted power weight should be set at  0.57, 1, 1, 0.57,  
which are equivalent to ideal power levels -7.3 dB, -4.9 dB, -4.9 dB , and -7.3 dB from 
Ports 1, 2, 3, and 4 respectively (Figure 3.24(b)).  The required biasing voltage values for 
this distribution are (V1 = V4 = 10, V2 = V3 = 0).   
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To verify the objective of SLL suppression, the tunable feeding circuit is connected (co-simulated) 
with the dipole antenna subarrays (as shown in Figure 3.23) by using the electromagnetic tool CST 
Microwave Studio.  The simulated result yields -12 dB impedance bandwidth through the targeted 
frequency band (27.5-28. 5 GHz), as shown in Figure 3.25(a). The normalised radiation pattern in E-
plane at 28 GHz is plotted in Figure 3.25(b).  It is clearly demonstrated that by using the proposed 
tunable power divider, the SLL is suppressed from 13 to 19 dB, which is very close to the theoretical 
values. 
 
 
Figure 3.23 Configuration of the proposed tunable feeding network with the dipole antenna subarray 
in the top layer. 
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Figure 3.24 Simulated S-parameters of the proposed feeding network with (a) equal output power, 
and (b) unequal output power, which follows the Dolph-Chebyshev for 20-dB SLL suppression.  
 
 
Figure 3.25 (a) |S11| of dipole antenna sub arrays with the tunable feeding circuit, and (b) normalised 
E-plane radiation pattern at 28 GHz.  
 
3.5 Summary  
In this chapter, the development of a mm-Wave 3-D beam-steering system suitable for 5G mobile 
communication handsets was presented. The system design and analysis were presented with 
simulations and supporting test results obtained from a fabricated prototype.  The 3-D beam-steering 
concept is achieved by using two dipole antenna arrays, two Wilkinson power dividers, two digital 
phase shifters and a two-layer power divider. Compared with other beam-steering systems, this design 
has achieved 3-D beam-steering compactly and reduced the effects of electromagnetic field exposure 
to the human head. Additionally, it has improved the link budget between the handset and the base 
station. To further improve the performance of the beam-steering antenna system mm-Wave, a tunable 
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In-phase power divider for 5G is proposed to suppress the SLL of the antenna array pattern. The 
utilised structure is based on modifying the Wilkinson design by using varactor-loaded open-ended L-
shaped stubs to tune the characteristic impedances of the two branches of the divider. Moreover, a pair 
of asymmetrical coupled lines is connected to the output ports and a stepped impedance transformer 
is connected at the input port to enhance the matching of the three ports over the band from 27 GHz to 
29 GHz. A prototype was designed, fabricated, and tested. The results show that the power division 
can be tuned from 1:1 to 2.3:1 across that frequency range. The return loss and isolation are more than 
10 dB, and the simulated and measured phase difference is less than 5° and 12°, respectively, across 
the whole range of tuning. Finally, to verify the benefit of the proposed tunable power divider, a 
tunable feeding circuit was proposed to feed the two dipole antenna subarrays. This was confirmed: 
by tuning the output power of the feeding circuit based on Dolph-Chebyshev distribution, the SLL 
can be suppressed from 13 to 19 dB.     
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Chapter 4 – Reconfigurable CP Antennas for 5G Applications at 
Millimeter-wave   
4.1 Introduction  
Circular polarisation (CP) is the key feature in antenna design to mitigate misalignment and multipath 
interferences. This feature is also relevant to the forthcoming Fifth Generation (5G) mobile network. 
Unfortunately, device-to-device (D2D) communication [17] between two CP radiators can suffer 
from extremely low polarisation efficiency if the rotating modes of the two are set in opposite 
directions. To resolve this issue, CP antennas with rotating modes that are switchable between right 
hand circular polarisation (RHCP) and left hand circular polarisation (LHCP) should be used. 
Electronic components, such as p-i-n diodes, are among the most popular to realise reconfigurable 
circular polarisation antennas, as they can easily integrate within the antennas’ structures. However, 
for 5G applications at millimeter wave (mm-Wave), the available p-i-n diodes have high insertion 
loss and poor matching [44], which, in the literature, was claimed to limit the use of p-i-n diodes to 
design reconfigured CP antennas at mm-Wave. In this chapter, two novel structures of polarisation-
reconfigurable antenna for 5G applications at mm-Wave are realised.  First, a single patch antenna 
with the functionality to switch between LHCP and RHCP using a simple feed circuit, is developed. 
Second, a 4-element antenna array that can switch its operation between two rotating modes (RHCP 
and LHCP) using only 4 p-i-n diodes, is presented.  
4.2 Polarisation-Reconfigurable Antenna for Mm-wave 5G   
This section reports the development of polarisation-reconfigurable patch antenna suitable for mm-
Wave 5G mobile systems. A simple feeding circuit can be used to achieve the switching function 
between LHCP and RHCP modes.   
4.2.1 Design Geometry and Consideration  
The geometric structure of the proposed antenna is shown in Figure 4.1. It is designed on RT/duroid-
5880  substrate with dielectric constant = 2.2, thickness = 0.254 mm and loss tangent tanδ = 0.0009 
at 10 GHz. The structure consists of three parts:  
 
1- The radiating element is a corner-truncated square patch. Truncating the corners of a square 
patch to produce circular polarisation is a well-known technique [84]. This antenna can also 
be fed from two sides, as shown in Figure 4.1. 
2- The two p-i-n diodes (D1 and D2) work separately as switches. They can be turned ON or 
OFF by adjusting the applied bias voltage. 
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3- The feeding transmission line is designed to feed the antenna. The input port is divided into 
two arms through a T-junction connection. At the end of these arms, there are two quarter 
wavelength transformers with length (L4) used to feed the antenna through D1 and D2. These 
transformers are used to improve the matching between the antenna and the feeding line [4]. 
The total length of each arm (L2+ L3) is equal to a half wavelength of the central frequency 
(28GHz).  
When D1 and D2 are in ON and OFF-states respectively, the patch antenna is fed from the upper side 
and consequently, RHCP is realised. By reversing the operating modes of D1 and D2, the position of 
the patch antenna excitation can be reversed. As a result, LHCP is achieved.  
 
 
Figure 4.1 Schematic diagram of the polarisation-reconfigurable patch antenna. Dimensions (mm) 
are: L1  = 3.3, L2  = 3.89, L3  = 1.1, L2  = 1.92. 
 
For both RHCP and LHCP, the transmission line is connected with the antenna through one arm and 
one diode (in the ON-state) and the second arm is connected to the other diode (in the OFF-state). In 
this case, the second arm works like an open-ended stub. Since, the length of this stub is a half 
wavelength, the input impedance of the stub ( inZ ) becomes infinity by:  
                                                   𝑍𝑖𝑛 = −𝑗𝑍0cot(𝛽𝑙)      (4.1) 
where Z0 is the characteristic impedance of the input port, 𝛽 =  2𝜋/ λg is the phase constant, 𝑙 = λg or 
λg/2 is the length, and λg is the guided wavelength at the operating frequency (28 GHz). This means 
that the stub works as an open circuit and does not affect the impedance of the remaining part of the 
design.   
The initial values for the design are selected based on well-known half wavelength transmission and 
patch antenna theory for the central frequency (28 GHz). The optimised dimensions are obtained 
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using the electromagnetic simulation tool HFSS. An ideal p-i-n diode circuit is used in the simulation. 
For the patch antenna, the optimum value of length, L1 is found to be equal to 0.4λg. The total length 
of (L2+ L3) is equal to 0.53 λg and L4 is equal to 0.5 λg.  
To confirm the proposed antenna’s CP performance, the surface current distribution on the patch is 
simulated and illustrated in Figure 4.2 for different time instants, i.e., t = 0, (T/4), (2T/4), and (3T/4) 
where T denotes the time period of the electromagnetic wave at 28 GHz. The surface current on the 
patch is distributed with respect to the diagonals and it rotates circularly with increasing T, which 
indicates that the antenna is radiating CP waves properly. 
 
 
Figure 4.2 Simulated surface current distributions of the proposed antenna with a period T at 28 GHz: 
(a) t = 0, (b) t = T/4, (c) t = 2T/4, and (d) t = 3T/4. 
 
4.2.2 Results and Discussions  
Figure 4.3 and Figure 4.4 show a simulated reflection coefficient and axial ratio respectively. The 
reflection coefficient covers bandwidth 27.6–28.6 GHz in both circular polarisation modes, while the 
axial ratio, less than 3 dB, covers band 27.65-28.35 GHz, indicating that the antenna shows a good 
CP performance.  
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Figure 4.5 depicts the corresponding E-plane and H-plane simulated radiation patterns of LHCP and 
RHCP at 28 GHz. The antenna demonstrates directional radiation performance with wide beamwidth. 
An average gain of around 7.2 dBic is found along the boresight direction. The 3-dB beamwidths are 
83° and 100° in the E-plane and H-plane respectively.   
 
 
Figure 4.3 Simulated reflection coefficient results for LHCP and RHCP states of the proposed 
antenna. 
 
 
Figure 4.4 Simulated axial ratio versus frequency plots for LHCP and RHCP states of the antenna. 
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Figure 4.5 Simulated radiation patterns for (a) RHCP, and (b) LHCP states of the antenna at 28 GHz. 
 
4.3 Polarisation-Reconfigurable Antenna Array for mm-Wave 5G   
A polarisation-reconfigurable antenna array using p-i-n diodes has been proposed at 28 GHz. The 
design utilises the idea of deploying two feeding arms to reduce the number of used diodes reported 
in Section 4.3.1.1. The main contribution of this design is the novel usage of the branch-line coupler 
and open-ended stubs to reduce the number of used diodes, which consequently improves matching 
and reduces insertion loss. Additionally, the proposed configuration allows the use of highly 
imperfect p-i-n diodes at mm-Wave to switch between two operations, a feature that none of the 
previously reported approaches could achieve.  The targeted frequency band is 27.5-28.35 GHz, 
which is approved by the U.S. Federal Communications Commission (FCC) for 5G applications [14].  
4.3.1 Antenna Array Structure and Operating Principle 
4.3.1.1 Operating Principle and Feeding Circuit 
The radiators consist of 4 patch antennas (Figure 4.6) resonating at 28 GHz. The design uses 
RT/duroid-5880  substrate (relative permittivity εr = 2.2 with estimated tanδ ≈ 0.0025 at 28 GHz). 
The simulation, modelling and optimisation are conducted using the ANSYS High Frequency 
Structure Simulator (HFSS).  
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For CP operation, the patches are excited with equal amplitude signals and 90° phase delay in either 
anti-clockwise, i.e. right-hand (RH), or clockwise, i.e. left-hand (LH), sequence (Figure 4.6). 
Therefore, in order to realise a reconfigurable CP array, a feeding structure that can provide ±90o 
phase switching is required. The proposed feeding structure consists of a branch-line coupler, two 
feeding arms and 2 p-i-n diodes, as shown in Figure 4.7.  
As an initial demonstration, the p-i-n diodes are assumed to be perfect in the simulation, i.e. operating 
as the RF short-circuit in the ON-state and RF open-circuit in the OFF-state. In this case, the branch-
line coupler is designed to be ideal, i.e. to consist of  4 quarter-wavelength (L4 = L1 = λg/4) segments 
with equivalent impedances of 0Z /√2 and 0Z  respectively (Z0 is the characteristic impedance of the 
input port) [67]. The two feeding arms have the length of λg and λg/2 respectively (λg is the guided 
wavelength at the operating frequency). The branch-line coupler is connected to these two arms 
through 2 p-i-n diodes, D1 and D2. The following operation cases are considered: 
1) Case A: D1 and D2 are in the ON and OFF-state respectively. The branch-line coupler generates 
equal amplitude and 90° phase difference between the output ports (ports 2 and 3).  
2) Case B: D1 and D2 are in the OFF and ON state respectively. The branch-line coupler generates 
equal amplitude and -90° phase difference between the output ports (ports 2 and 3). 
 
 
Figure 4.6 Proposed antenna array arrangement for CP operation. (a) RHCP phase delay sequence, 
and (b) RHCP phase delay sequence. 𝜃 is the reference angle. 
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Figure 4.7  Construction of branch-line couplers using an ideal diode with S-parameters and 
transmission phase difference. 
 
Table 4.1 
State of diode Frequency (GHz) |S11| |S21| 
OFF-state 28GHz -1.8 dB -1.5 dB 
ON-state 28GHz -9.8 dB -1.4 dB 
 
In both cases, since the length of each input arm is either  λg or λg/2, the arm connected to a diode in 
the OFF-state works as an open-ended stub, and based on Equation (4.1), the input impedance of the 
open-ended stub ( inZ ) becomes infinity. Thus, it does not influence the other parts of the feeding. 
Figure 4.7 shows satisfactory simulated results for this structure with either 90o or -90o phase 
difference between port 2 and port 3 in the targeted bandwidth. Compared to the conventional ±90° 
line phase shifter [67, 85], the technique of using a branch-line coupler with two feeding arms allows 
reduction in the number of used diodes by half, which is a big advantage–especially at mm-Wave, 
where the diode performances in terms of matching and insertion loss are poor.   
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In practice, the p-i-n diodes are far from perfect, especially at mm-Wave frequency. Therefore, it is 
first necessary  to extract the equivalent circuit of the p-i-n diodes, so it can be used in the simulation 
rather than perfect diodes. The TRL calibration method [86] is conducted next to extract the 
equivalent lumped-element models of a chosen diode (MADP-000907-14020W). The measured 
reflection and transmission coefficients at 28 GHz are presented in Table 4.1.  The electrical 
parameters of the ON and OFF-state equivalent circuits are derived based on fitting the measurement 
and simulation results [86]. These parameters (Figure 4.8) are Rs =5.81 Ω, and Lf  = 0.0895 nH for the 
ON-state, and Rr = 435.7 kΩ, Ct = 33.6 fF, and Lr = 0.131 nH for the OFF-state. At 28 GHz, the return 
and insertion losses in the OFF-state are 1.8 dB and 1.5 dB respectively. Hence, the diode has a 
critically poor performance and does not work as an open-circuit exactly like an ideal switch in the 
OFF-state. Nonetheless, the diode has reasonable performance in the ON-state mode, with return and 
insertion losses 9.8 dB and 1.4 dB respectively. The derived p-i-n diode’s equivalent circuit is applied 
to the previous design (Figure 4.8). As expected, a significant degradation in performance is observed. 
The main reason is that the two arms (λg and λg/2) no longer work as open-ended stubs. Instead, they 
work together as an asymmetrical T-junction power divider, feeding the branch-line coupler from two 
ports.  
 
Figure 4.8 Construction of feeding network using equivalent circuits of the diode with the (non-
optimised) S-parameters and transmission phase difference. 
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4.3.1.2 Feeding Circuit Performance Improvement 
A parametric study was carried out to improve the performance of the two operation modes of the 
branch-line coupler (Cases A and B), based on the initial parameters used in the previous section. 
Two sets of key parameters are found to play a key role in improving the performance:    
Set 1) L3 and SS: L3 is the length of the longer arm λg and SS is the length of the transmission line 
connecting the diode to the branch-line coupler. Since the two arms work as an asymmetrical power 
divider, the lengths L3 and SS mainly affect the operating frequency of Cases A and B. By reducing 
the values of these two parameters, the operating frequency of Cases A and B can be shifted to the 
targeted frequency (28 GHz) and the performance of both cases can be improved. 
Set 2) W5 and W11: These two parameters control the impedance of a branch of the coupler and the 
feeding arms. It is found that by reducing the values of these two parameters, the impedance matching 
for Case A and Case B can be improved. 
For the sake of brevity, the optimised performance of a single feeding circuit is not shown here. 
Instead, we show the optimised performance of the complete feeding circuit for the 4-element patch 
array (Figure 4.9). In this configuration, the two branch-line couplers of Cases A and B are located 
vertically and connected to a T-junction power divider [67]. The operation modes are controlled by 
switching the states of the two pair of diodes, (D1, D3) and (D2, D4), to achieve a 90° phase delay in 
a clockwise or anti-clockwise sequence between the output ports of the branch-line couplers 
(summarised in Table 4.2). For demonstration, the optimised S-parameters and phase differences of 
the LHCP operating mode are shown in Figure 4.9(b) and (c) respectively.     
4.3.1.3 Biasing Circuit of p-i-n Diodes 
The biasing circuit consists of two 0.01 μF chip capacitors (denoted by 1C  and 2C ) to block the dc 
currents between the two arms of the T-junction power divider (Figure 4.9(a)). Since the available 
RF chokes working at mm-Wave are relatively large [4] and not easily integrated with the proposed 
design, the stepped-impedance low pass filters (SLPF), described in Section 3.2.2, is employed 
instead. The SLPF works like a short circuit for DC power supply and an open circuit for RF signals 
at mm-Wave. The orientation of the p-i-n diodes and SLPF is shown in Figure 4.10. Using this 
configuration, only one bias voltage V is required to switch between RHCP and LHCP (Figure 4.10). 
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Figure 4.9 (a) The design of branch-line coupler with T-junction power divider, (b) simulated S- 
parameters, and (c) simulated transmission phase. 
 
 
 
Table 4.2 
(D1, D3) (D2, D4) Phase delay sequence  Polarisation  
ON OFF Anti-clockwise RHCP 
OFF ON Clockwise LHCP 
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Figure 4.10 Orientation of diodes and SLPF. 
 
4.3.1.4 Final Antenna Array Design 
The patch antenna array in Figure 4.6 is excited by the optimised feeding circuit in Figure 4.9 through 
H-shaped slots in the ground plane (Figure 4.11). The H-shaped aperture is used to improve the 
resonant impedance and the coupling between the top and bottom layers [29, 87]. The final multi-
layered design is shown in Figure 4.12. Two RT/duroid-5880 substrates are adopted, each for the 
patch and feeding circuit. An HT 1.5 bonding film (relative permittivity εr = 2.35, tanδ = 0.0025 and 
thickness 0.0381 mm) is used to attach the top substrate layer to the ground. The final parameters of 
the design are shown in Table 4.3. 
 
 
Figure 4.11 The geometry of the 4-element patch antenna array and its simulated reflection 
coefficients.  
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Table 4.3 Optimised Parameters of the final design (all values in mm) 
 
 
 
 
 
 
    
 
Figure 4.12 (a) Polarisation-reconfigurable antenna array, and (b) 3-D exploded view of layers.  
Parameter Value Parameter Value Parameter Value 
Ls  34 L4 2.26 L2 2.58 
Ws 31 W1 0.8 W2 0.6 
L3 3.33 W11 0.23 SS 0.47 
W5 0.219 L1 2.18 L6 L3 – L1/2 
St  0.539 S2 0.35 Ht 1.42 
W0 0.72 Tr 1.4 T1 17.5 
 Lt 0.53 Ta 7.7   
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4.3.2 Result and Discussion  
The proposed design was fabricated (Figure 4.13) and then measured to validate the proposed design 
concept. The reflection coefficients for both states RHCP and LHCP are shown in Figure 4.14(a). 
The design yields a measured -20 dB impedance bandwidth from less than 27 GHz to 29 GHz. A 
near-field chamber is used to measure the axial ratio of the proposed design, where the axial ratio can 
be derived from principal and cross-polarisation values across the targeted frequency band. The 
prototype exhibits a measured 3-dB AR operation from 27.2 to 28.35 GHz for both CP modes, as 
shown in Figure 4.14(b). Both impedance and AR bandwidth cover the targeted frequency band, i.e. 
27.5 to 28.35 GHz.  
 
Figure 4.13 Photograph of fabrication prototype. (a) Top view, and (b) bottom view. 
 
 
Figure 4.14 (a) Simulated and measured S11 of the proposed antenna array, and (b) simulated and 
measured AR. The shaded area is the targeted bandwidth. 
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Figure 4.15 Normalised simulated and measured radiation patterns at 28 GHz. (a) x-z plane, and (b) 
y-z plane 
 
The normalised simulated and measured radiation patterns for RHCP and LHCP in the x-z and y-z 
planes at 28 GHz are plotted in Figure 4.15. The measured radiation patterns mostly follow the 
simulated ones with slight differences due to the measurement errors at mm-Wave. 
 
 
Figure 4.16 (a) Measured broadside gain of the proposed antenna array, and (b) measured efficiency. 
The shaded area is the targeted bandwidth. 
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The measured gain and the radiation efficiency for both CP modes are illustrated in Figure 4.16(a) 
and (b) respectively. The maximum measured gain is about 6 dBic, while the measured radiation 
efficiency is around 51% across the targeted BW. This is reasonable for a reconfigurable antenna 
operating at mm-Wave. Compared to simulated results; the lower efficiency is possibly attributable 
to higher losses in the connector and substrates [88]. It should be noted that efficiency measurement 
at mm-Wave is challenging and an error of 1 dB in gain measurement can cause the efficiency to drop 
by roughly 20%. 
4.4 Summary  
In this chapter, two types of reconfigurable-polarisation antennas were presented. The novelty of 
these designs is based on the switching of the feeding circuit, including the two arms, to reduce the 
use of p-i-n diodes at mm-Wave. The first design is a polarisation-reconfigurable patch antenna, 
suitable for mm-Wave 5G mobile systems. The design is based on a patch antenna with a switchable 
transmission line feed. Using two independently biased p-i-n diodes, the proposed design can produce 
left-hand or right-hand circular polarisation. The simulation results demonstrate that the antenna has 
a good impedance matching across the 27.6-28.6 GHz band and 3 dB axial ratio performance across 
27.65-28.35 GHz for both switchable polarisation states. The second design is a polarisation-
reconfigurable antenna array using p-i-n diodes at 28 GHz. A branch-line coupler and open-ended 
stub are adopted in the feeding circuit to reduce the number of used diodes. This configuration also 
allows a p-i-n diode with non-ideal performance to be used at mm-Wave. RHCP and LHCP 
operations are realised using two pairs of diodes. The measurements have confirmed that the proposed 
design can support CP reconfigurability across 27.5-28.35 GHz for 5G applications. Compared with 
other exiting designs at mm-Wave, the two proposed designs have great potential to be used for 5G 
wireless communication.   
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Chapter 5 - MIMO Antenna System for mm-Wave 5G and Wideband 
4G Applications   
5.1 Introduction  
The multiple-input-multiple-output (MIMO) antenna system is seen as a key technology for the 
upcoming fifth generation (5G) and the existing fourth generation (4G) mobile antenna system to 
enhance data rate [14, 52, 89, 90]. Along with the MIMO antenna system, 5G requires a wide 
bandwidth to maximise the data rate. Unfortunately, the current available bandwidth at sub-3 GHz is 
congested [20]; thus, many international organisations are assigned the millimeter wave band (mm-
Wave), which includes 28, 37 and 39 GHz, as a potential frequency band for 5G [21, 91]. Therefore, 
current mobile terminals need to support 5G at mm-Wave band in addition to the existing 4G at sub-
3 GHz band. However, mobile terminals have limited space, and it is preferable not to add many 
antennas. Thus, the solution is to develop a MIMO antenna system which has antenna elements 
covering different bands of 5G and 4G by using a single structure rather than two structures. In other 
words, the usage of multi-band antenna elements in the MIMO system is a key factor for reducing 
the antenna footprint inside the mobile terminal [14, 20-22]. However, integration of 5G and 4G 
antennas in the same structure produces many challenges in terms of antenna size, isolation between 
antennas at different bands and antenna gain. 
In this chapter, two novel structures of 5G/4G MIMO antenna system are realised. First, an integrated 
4-element 5G/4G MIMO antenna system using a novel single antenna structure is presented. It works 
at triple bands (28, 37 and 39 GHz) for 5G and the wideband (1.8-2.6) GHz for 4G. Each MIMO 
element consists of a slot in the ground plane and two microstrip feeding ports in the top layer; a low 
pass filter is also integrated into the structure for isolation enhancement. By properly feeding the 
antennas from one of two ports, the antenna can work in two different operating modes. One of the 
feeding ports corresponds to a tapered slot antenna with end-fire radiation for 5G, whereas the other 
feeding port corresponds to an open-ended slot antenna with omni-direction radiation at 4G. MIMO 
performance factors are also calculated and discussed. Second, a compact 2-element 5G/4G MIMO 
antenna system for handheld mobile terminals is presented. It works for both microwave and mm-
wave bands using a single ground slot structure. The proposed design works as a frequency 
reconfigurable slot antenna with 27% of tuning range at microwave band (from 2.05 to 2.70 GHz) 
and a wideband connected slot antenna array (CSAA) operating from 23 to 29 GHz. A compact high 
pass filter is also integrated into the feeding structure to isolate the operation of 5G and 4G. 
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5.2 Antenna Design Requirements for 5G and 4G Mobile Antennas    
With respect to antenna design, the transition  from 4G to 5G at mm-Wave brings many new 
requirements in addition to the existing ones [92, 93]. For instance, compared to the 4G mobile signal 
at the sub-3 GHz band, 5G at mm-Wave suffers from higher path loss [94]; therefore, 5G antennas 
must feature a high gain to compensate for the higher path loss. Moreover, high isolation between 
antenna elements is important to ensure that 5G antennas do not interfere with 4G antennas. In 
addition, using planar antennas and placing them on the side edges of mobile terminals is important 
consideration for retaining sufficient space for other components [55]. Most likely, 5G will work 
across multiple spectrums, according to providers and regions; therefore, building multiple-band 5G 
antennas, similar to the existing multiple-band 4G antennas, is preferred for covering these bands and 
thus reducing antenna size. Based on the aforementioned requirements for 5G and 4G antenna design, 
integrating 5G and 4G antenna structures will lead to a new generation of 5G/4G antenna designs 
whose key elements are categorised, as shown in Figure 5.1. These elements are used as goals in the 
design and discussion of the 5G/4G antenna designs.  
 
 
Figure 5.1 Key design requirements for 5G/4G MIMO antenna system. 
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5.3 MIMO Antenna System for Multi-Band mm-Wave 5G and Wideband 4G 
Applications 
This section reports the development of a 4-element MIMO antenna system for 5G/4G mobile 
technology. The design can work as a tapered slot antenna for 5G covering 27.5-40 GHz or an open-
ended slot antenna for 4G covering 1.8-2.6 GHz. 
5.3.1 Proposed MIMO Antenna System Design  
The geometry of the complete MIMO antenna system is shown in Figure 5.2. It is modelled and 
simulated using the High Frequency Structured Simulator (HFSS). An RT/duroid-5880 substrate 
(𝜀𝑟 = 2.2, tan 𝛿= 0.0009, and thickness 𝑡 = 0.381 mm) with overall size of 𝐿𝑠𝑢𝑏 ⨯  𝑊𝑠𝑢𝑏 𝑚𝑚
2 is 
used to print the antenna structure. All antenna elements (Ant-1-Ant-4) are realised on the four sides 
of the substrate as a proof of concept. All microstrip feeding lines are placed on the top layer, while 
tapered slots are etched in the ground plane located at the bottom layer of the substrate.  
The ground slot has a dual function, which makes the antenna structure more suitable for future 
5G/4G applications. First, when the slot is fed from the edge (𝐹2 for example), it works as a tapered 
slot antenna and gives end-fire radiation patterns [95, 96] with high gain, thus satisfying the 
requirements of 5G at mm-Waves. Second, when it is fed from the centre (𝐹1 for example), it works 
as an open-ended slot antenna [97, 98] and gives omni-directional radiations satisfying the 
requirements of 4G at 2 GHz band. Accordingly, a single antenna, having a small footprint compared 
with separate antennas, can be designed to meet the requirements of low and high frequency bands. 
A detailed discussion of the design procedure and construction approach of the proposed antenna 
structure is given in the following sections. 
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Figure 5.2 The geometry of a 4-element MIMO antenna system. (a) Top view (full design), (b) Ant-
1 (large view), and (c) tapered slot in the ground plane: Final optimised parameters with their values 
for MIMO antenna system are:𝐿𝑠𝑢𝑏 = 158, 𝑊𝑠𝑢𝑏 = 77.8, 𝑓𝑙1 = 1.89, 𝑓𝑙2 = 3.5, 𝑙1 = 13, 𝑙2 = 4.95, 
𝑙3 = 27, 𝑙4 = 2, 𝑑1 = 2, 𝐿𝑒𝑑𝑔𝑒 = 13.5 and 𝑤1 = 1.17, all values are in millimetre (mm). 
 
 
5.3.1.1 Multi-band 5G Antenna Structure  
The structure of the 5G antenna is shown in Figure 5.3. It consists of a tapered slot and microstrip 
feed line [99]. The total size of the single element with the ground plane is 70 ⨯ 77.8 mm2 (𝐿 ⨯ 𝑊). 
The narrower edge of the tapered slot ends with a 𝜆4/4 circular stub. The diameter of the stub is 
𝑑2 (Figure 5.2(b)). The tapered slot is fed via a circular sector microstrip line with diameter 𝑑1. The 
circular sector and a 50 Ω transmission line are connected through an impedance matching 
transformer that has a total length of 𝑇𝑙 [100]. The circular stub of the slot and circular sector of the 
feed line contribute to the provision of a broadband impedance matching bandwidth [101, 102]. 
A parameter study is conducted to introduce stepped tapering into the slot. Four cases (Case1-Case4) 
have been studied to give the final shape to the slot using a number of different tapers, as shown in 
Figure 5.4. It is clear from the reflection coefficient curves that  for the single tapered slot (Case1), 
impedance matching is poor, whereas the three step tapered slot provides a wider bandwidth. 
Therefore, the proper selection and tuning of the tapers can provide wider impedance bandwidth. The 
final tapered slot (Case4) covers the 25-40 GHz band. The main beam is directed towards the negative 
x-axis in an end-fire radiation pattern (Figure 5.3(c)) with maximum gain of 9.14 dBi at 38 GHz. The 
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observed gain variation is only 1 dBi within the covered band. Final optimised parameters (as shown 
in Figure 5.2(c)) for the tapered slot are as follow: 𝑆𝑙1 = 15, 𝑆𝑙2 = 5, 𝑆𝑙3 = 1.5, 𝑆𝑙4 = 1.42, 𝑑2 = 2, 
𝑆𝑤 = 4.2, 𝑇𝑙 = 2 and 𝑙𝑚 = 1.9; all values are in mm. 
 
Figure 5.3 The geometry of 5G antenna. (a) Top view, (b) large view, and (c) 3D realised gain in dBi. 
 
Figure 5.4 Construction of tapered slot (design cases and reflection coefficients). 
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5.3.1.2 Integration of 4G Feeding Structure to 5G antenna Structure 
In this part, the same tapered slot which was used for the 5G band in the previous section is also used 
to cover the low frequency band for 4G. This dual feature of the slot meets dual wireless standards 
(5G/4G). The feeder (𝐹1) is used to excite the tapered slot, which works as an open-ended slot antenna, 
as shown in Figure 5.5. First, the 4G feeding structure (F2) is a simple 50 Ω transmission line, as 
shown in (Figure 5.5(a)), while the final optimised feeding structure consists of a low pass filter 
(LPF). A modified transmission line, as shown in Figure 5.5(b), along with the 5G antenna. 𝐹1 is used 
to excite the slot as an open-ended slot antenna and 𝐹2 is used to excite the same slot as a tapered slot 
antenna. The design covers a low frequency band from 1.8-2.6 GHz and a high frequency band from 
25-40 GHz. The length of the open-ended slot is 24.92 mm (𝑆𝑙1 + 𝑆𝑙2 + 𝑆𝑙3 + 𝑆𝑙4 +  𝑑2), which is 
𝜆𝑔/4  at 2 GHz (𝜆𝑔 is guided wavelength)  [29, 103]. 
 
 
Figure 5.5 (a) Integrated antenna structure without a low pass filter, (b) integrated antenna structure  
with a low pass filter, (c) 5G reflection coefficient without/with low pass filter, and (d) 4G reflection 
coefficient without/with low pass filter. 
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Due to the addition of the 4G feeder (𝐹1) to the tapered slot, the performance of the 5G antenna is 
degraded in terms of impedance matching, isolation and gain. To understand the performance 
degradation of the 5G antenna, a study is conducted in four stages (Stage1-Stage 4) based on the 
current distributions given in the following sub-sections. 
1) Stage 1: The 5G antenna current distribution, before the addition of the 4G feeder, is shown in 
Figure 5.6(a). It can be seen that the current is mainly propagating towards the open end of the slot 
and radiates as a tapered slot antenna. It covers the 25-40 GHz band with maximum gain of 9.14 dBi 
at 38 GHz. 
 
 
Figure 5.6 Current distributions at different stages (Stage1-Stage4) of the 4G feeder at 38 GHz. 
 
2) Stage 2: After adding the 4G feeder, the coupling is found to be high – between the 4G and 5G 
feeders, as shown in Figure 5.6(b). The 4G feeder works as a shunt impedance or a signal blocker for 
the 5G antenna signal propagation. As a result, the main current propagates toward the upper and 
lower side of 4G micorstrip feeder instead of propagating toward the open-end of the slot. At this 
stage, the s-parameters of the antenna at high and low frequencies are shown in Figure 5.5(c) and 
Figure 5.5(d) without the LPF. The antenna covers 28.5-32.5 and 36-40 GHz while the maximum 
gain is observed to be 5.87 dBi. It can be noticed that after adding the 4G feeder, gain and impedance 
matching is reduced, and the isolation is also poor. 
3) Stage 3: To minimise the effect of the 4G feeder on the 5G band, it is necessary to increase the 
equivalent shunt impedance value of the 4G feeder, to work as an open circuit for the 5G signal. By 
doing this, the coupling between 𝐹1 and 𝐹2 can be reduced significantly [104] and the performance 
of the antenna can be improved. The shunt impedance can be increased by reducing the width of the 
4G feeder above the slot, as shown in Figure 5.6(c). However, due to fabrication process limitations, 
the width of the 4G feeder is reduced to only 0.17 mm, as shown in Figure 5.5(b), and an improved 
gain of 7.72 dBi is achieved. 
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4) Stage 4: To improve the isolation between the 5G and 4G feeders, an LPF is added, as shown in 
Figure 5.6(d). The LPF design is based on a stepped impedance method [105, 106]. The performance 
of the LPF is shown in Figure 5.7. The simulated reflection coefficient and isolation curves for the 
5G/4G bands after adding the LPF are shown in Figure 5.5(c) and Figure 5.5(d). It is clear that 
isolation and impedance matching bandwidth is improved significantly after adding the LPF. It covers 
the 25-40 GHz band with maximum gain of 8 dBi at 38 GHz. The maximum realised gain at stages 
1 to 4 is 9.1, 5.9, 7.7 and 7.9 dBi, respectively. 
 
 
Figure 5.7 Performance of low pass filter at (a) 4G band, and (b) 5G band. 
 
Figure 5.8 Photograph of the fabricated prototype. (a) Top view, and (b) bottom view. 
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5.3.2 Result and Discussion  
In this part, the results are discussed for the 4-element MIMO antenna system. Optimisation is studied 
so as to achieve the best performance at low and high frequencies. A prototype is fabricated to verify 
the proposed antenna structure. The photograph of the fabricated prototype is shown in Figure 5.8. 
5.3.2.1 Integrated 5G/4G MIMO Antenna System 
The geometry of the proposed MIMO antenna system is shown in Figure 5.2. It consists of 4 antenna 
elements (Ant-1-Ant-4) and 8-feeder (𝐹1, 𝐹3, 𝐹5 and 𝐹7 for 4G and 𝐹2, 𝐹4, 𝐹6 and 𝐹8 for 5G). All 
antenna elements are printed on the four sides of the substrate. The size of the substrate is similar to 
the size of the latest smart phones. The length of both feeders (5G and 4G) is extended to integrate 
50 Ω SMA and mm-Wave connectors and to have enough space for antenna testing. While adding all 
the antenna elements to the sides of the substrate, performance remains unchanged in the 5G bands. 
However, in the 4G bands, Ant-1 and Ant-2 have slightly different reflection coefficients, as shown 
in Figure 5.10(a) (𝑆11 and 𝑆33). This difference is caused by the size of the ground plane [107]. These 
antennas have different ground plane sizes, i.e. Ant-1 has a width 𝑊𝑠𝑢𝑏, while Ant-2 has a width 𝐿𝑠𝑢𝑏 
(as shown in Figure 5.2). However, the proposed design still has good impedance matching below -6 
dB, which is acceptable for 4G applications [22]. 
1) Port Parameters: The simulated and measured reflection coefficient curves for the 5G band are 
shown in Figure 5.9(a). The results show that the proposed 5G antennas cover the 25-40 GHz 
frequency band. Figure 5.9(b) shows isolation curves between F1 and F2. A minimum of 25 dB 
measured isolation is observed across the whole covered band. Isolation between the 5G ports (F2, 
F3, F5 and F7) is observed to be more than 50 dB. The simulated and measured reflection coefficient 
curves for the 4G band are shown in Figure 5.10(a). The results show that the proposed design covers 
the 1.8-2.6 GHz band with -6 dB impedance matching bandwidth. Figure 5.10(b) shows the isolation 
curves between the various ports of 4G and 5G. A minimum of 16 dB measured isolation is observed 
between F5 and F7. 
2) Radiation Patterns: The simulated and measured radiation patterns are obtained when one antenna 
is excited and others are terminated with a match load of 50 Ω [53]. 
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Figure 5.9 Simulated and measured S-parameters for 5G band. (a) 𝑆𝑖𝑖, and (b) 𝑆𝑖𝑗. 
 
 
Figure 5.10 Simulated and measured S-parameters for 4G band. (a) 𝑆𝑖𝑖, and (b) 𝑆𝑖𝑗. 
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Figure 5.11 Normalised simulated and measured radiation patterns at different frequencies for 5G 
bands (Ant-1). 
 
The normalised 2D radiation patterns for 5G bands are shown in Figure 5.11 and Figure 5.12 for Ant-
1 and Ant-2 at 28 and 38 GHz frequencies, respectively. Due to the symmetry in the design, only the 
radiation patterns for Ant-1 and Ant-2 are shown. Both antennas have strong radiation patterns in 
different directions in the xy-plane, i.e. Ant-1 has a maximum value at 180   , while Ant-2 at 
90    . Such radiation patterns are desirable for MIMO applications and provide un-correlated 
communication channels. 
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Figure 5.12 Normalised simulated and measured Radiation patterns at different frequencies for 5G 
bands (Ant-2). 
 
Figure 5.13 Normalised simulated and measured Radiation patterns for 4G band. 
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The normalised 2D radiation patterns for the 4G band are shown in Figure 5.13 for Ant-1 and Ant-2 
at 2.0 GHz. Both antennas have directional radiation patterns in the xy-plane, i.e. Ant-1 has directive 
beam towards 180   , while Ant-2 has it at 90    ; however, both the xz and yz planes show 
omni-directional radiation patterns. 
The simulated and measured peak gain values are shown in Table 5.1 and Table 5.2 for 5G and 4G 
bands, respectively. The maximum measured value is observed to be 7 dBi at 38 GHz for the 5G 
band; whereas for the 4G band, the maximum measured gain is 3.6 dBi at 1.8 GHz. A slight difference 
between simulated and measured values is observed due to measurement errors. 
3) Envelope Correlation Coefficient (ECC): As well as evaluating the reflection, isolation and 
radiation pattern performances of the MIMO antenna system, it is also important to evaluate its 
diversity performance. The Envelope Correlation Coefficient (ECC) parameter is used to serve this 
purpose [53]. It is calculated based on the 3D measured far field radiation patterns between antenna 
pairs at low and high frequencies by using the following formula, given in [58]: 
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where, ρe is the ECC, 1( , )F    and 2( , )F    are the 3D radiated fields of Ant-1 and Ant-2, 
respectively, while Ω is the solid angle [58]. The maximum measured value of ECC was found to be 
lower than 0.001 at both bands (5G/4G), which is much lower than the acceptance criteria of below 
0.5 for the ECC. Therefore, the proposed antenna design has good diversity performance. 
Table 5.1 Simulated and measured peak gain for 5G band 
Peak gain (dBi) 27.5 GHz 28 GHz 38 GHz 39 GHz 
Simulated 5.8 6.2 7.6 7.2 
Measured 5.5 5.1 7 7.2 
 
Table 5.2 Simulated and measured peak gain for 4G band 
Peak gain (dBi) 1.8 GHz 2.0 GHz 2.3 GHz 2.6 GHz 
Simulated 3.7 3.3 2.5 3.6 
Measured 3.6 3.1 2.4 2.9 
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5.3.2.2 Effects of LCD and Hand/Head Phantom 
Since the positions of MIMO antennas are located on the edges of the ground plane, the influence of 
adding an LCD is investigated through HFSS simulations. A large-size touch screen LCD with 
dimension 136 × 68 mm2 is located underneath the ground plane. The LCD is assumed to be a perfect 
electric conductor (PEC) for the proposed design [108]. The simulated and measured reflection 
coefficient and efficiency of MIMO antenna are investigated for 3 mm, and 5 mm gap between the 
LCD and ground plane. For the sake of brevity, only the performance of Ant-1 is shown in Figure 
5.14(a) and Figure 5.14(b), and the antenna performance without LCD is included for comparison 
purpose. As seen in Figure 5.14, the performance after placing the LCD is still preserved at the 4G 
and 5G bands. However, it can be noticed that the 4G bandwidth is shifted towards the higher 
frequency by 0.2 GHz, compared to the ones without LCD (Figure 5.14(a)).  
 
Figure 5.14 Effect of LCD and hand/head phantoms on proposed design (a) 4G band, (b) 5G band at 
different spacing between the LCD and the ground plane, (c) hand/head model, and (d) radiation 
efficiencies at 4G (top) and 5G (bottom) bands. 
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This shift can be fixed by reducing the value of Ledge from 13.5 mm to 10.5 mm. In addition, it is also 
noticed that the measured efficiency is degraded by 2-10% at the 4G band and by only 2% at the 5G 
band. 
To analyse the influence of head/hand phantoms, CST Microwave Studio and the simulation model 
is used as shown in Figure 5.14(c) while efficiency curves are shown in Figure 5.14 (d). It can be 
seen that Ant-2 and Ant-4, which are closely related to the head/hand phantom, are most affected, 
while the influence of head/hand phantoms on Ant-1 and Ant-3, which are relatively far from the 
phantoms, is less significant. Ant-1 and Ant-3 still work well with maximum radiation efficiency of 
65% and 60% at 28 and 2.6 GHz, respectively. Nevertheless, Ant-2 is the most affected in terms of 
antenna efficiency (a similar behaviour was observed in [53]). Compared with Ant-1, Ant-2 has a 
reduction on the efficiency of about -4 dB and -7 dB in the 5G and 4G bands respectively. This is due 
to the significant amount of field absorption into the hand/head phantom and the locations of four 
antennas with respect to the phantoms. 
Table 5.3 Comparison between proposed and reported 5G/4G MIMO antenna systems 
Ref. 
Integrated 
5G/4G 
in same 
structure 
Support 
mm-
Wave 
band 
Size of each 
antenna 
element 
(mm2) 
BW 
(GHz) 
Realised 
gain (dBi) 
at mm-
Wave 
Isolation 
(dB) 
[22] No No N/A 
1.9-3.5 
16.5-17.8 
N/A ≥ 5 
[56] Yes No 
15 ⨯ 2.5 
(5G/4G) 
3.4-3.8 
5.15-5.92 
N/A ≥ 11 
[54] No No 
16 ⨯ 3 (5G) 
30 ⨯ 9 (4G) 
0.82-0.96 
1.7-2.69 
3.4-3.6 
N/A ≥ 10 
[53] No No 
15 ⨯ 12 (5G) 
7 ⨯ 3 (4G) 
3.4-3.8 
5.15-5.92 
N/A ≥1 2 
[58] No No 
35 ⨯ 18 (5G) 
24 ⨯ 6 (4G) 
2-2.2 
12.2-12.7 
N/A ≥  13.5 
[59] No Yes 
23 ⨯ 22 (5G) 
25 ⨯ 8 (4G) 
1.85-2.53 
26-28.4 
8 ≥ 10 
This 
work 
Yes Yes 
25 ⨯ 12 
(5G/4G) 
1.8-2.6 
25-40 
7.2 ≥ 17 
 
5.3.2.3 Performance Comparison with Current 4G and 5G Antennas  
To make the merits of the proposed design explicit, a comparison table is drawn up of recently 
published 5G/4G MIMO antenna systems for mobile applications, as shown in Table 5.3. The 
proposed design is compared with other MIMO antenna systems in terms of the integration of 5G and 
4G in the same structure, support for the mm-Wave band, MIMO element size, bandwidth, realised 
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gain and isolation. Table 5.3 makes it clear that the proposed design has the unique feature of 
integrating mm-Wave 5G and 4G antennas in the same structure, while other designs do not. 
However, the integration of the 5G and 4G structure is achieved  [56] at small size and only covers 
sub-7 GHz band. Although [59] covers similar bands (mm-Wave and 2 GHz band), it deploys separate 
structures having larger sizes, 23 ⨯ 22 mm2  for 5G and 23.5 ⨯ 9 mm2 for 4G, compared with the 
proposed design that has only a 25 ⨯ 12 mm2 size for both 5G and 4G. All other antenna designs [22, 
54, 58] cover different bands (excluding mm-Wave) bands with variations in the realised gain and 
isolation of MIMO elements. Overall, this design provides, to the best of author’s knowledge, the 
first novel antenna integration strategy for future mm-Wave 5G with existing 4G technologies in a 
single structure. 
5.4 Integrated Frequency-Reconfigurable Slot Antenna and Connected Slot 
Antenna Array for 4G and 5G Mobile Handsets 
In this section, we will continue the investigation into design approach for the 5G/4G MIMO antenna 
system. However, instead of using a single antenna element, this section will present an antenna array 
structure to further improve the gain, especially for mm-Wave 5G. In addition, this design will add a 
frequency-reconfigurable feature to 4G to enhance the out-of-band rejection performance.     
5.4.1 Antenna Element Design and Performance  
The proposed antenna is printed on RT/duroid-5880 substrate (𝜀𝑟 = 2.2, tan 𝛿 =  0.0009, and 
thickness 𝑡 = 0.381 mm). It is modelled and simulated using the High Frequency Structured 
Simulator (HFSS). The structure includes a narrow rectangular slot. At low frequency, the structure 
works as a typical narrow-band antenna. By integrating a varactor, the low frequency resonance can 
be tuned to cover different channels. At mm-Wave frequency, the slot is properly fed to operate as a 
CSAA to produce a higher gain. This section starts by describing the frequency-reconfigurable slot 
antenna, followed by the 5G CSAA. Finally, the combination of two structures with an integrated 
filter for high isolation between two feeding ports, is presented. 
5.4.1.1 Frequency-Reconfigurable Slot Antenna Design 
The geometry of a frequency-reconfigurable slot antenna at microwave band is shown in Figure 
5.15(a).  The size of the ground plane is Lsub ×Wsub mm2 . When the slot is etched the system ground 
plane at the center and side, and the equivalnt simulated 3D radiation patterns are shown in Figure 
5.15(b) and Figure 5.15(c) respectively. Where, Figure 5.15(b) shows a slot type radiation pattern, 
Figure 5.15(c) shows a tilted radiation pattern due to the asymmetrical ground plane. However, for 
handheld devices, the location of the slot is preferred on the side of the ground plane, as shown in 
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Figure 5.15(a) [18, 109]. For this reason, the slot is etched on the side of the ground plane for the 
final structure.  
To cover a wide operating frequency range with a compact structure, a frequency-reconfigurable 
antenna is desired [110, 111]. The tunability also enhances the out-of-band rejection performance 
[112]. The tunable functionality can be included in this design by loading a short-circuited varactor 
diode to the slot [113-115]. When the varactor capacitance C is very low, the varactor works as an 
RF open circuit and the slot resonates at its unloaded resonance frequency of 
𝑓𝑟 =
𝑐0
2𝑆1√𝜀𝑒𝑓𝑓
     (5.2) 
here 𝑐0 is the free-space speed of light, 𝑆1 is the length of the slot and 𝜀𝑒𝑓𝑓 is the effective permittivity. 
In contrast, if C increases, the resonance frequency of the slot decreases as analysed in [113]. In this 
design, the varactor diode (VAR) MA46H120 model is used. It has a measured capacitance (Cv) range 
of (0.15, 1.34) pF and an internal resistance of Rv = 2 Ω.  The length of the slot is selected as Sl = 35 
mm to provide a resonance frequency of fr = 3 GHz in case Cv = Cmin, i.e. approximated as an open 
circuit. The width of the slot is not critical, however it will be used for 5G application, so it should 
be selected at less than half the guided wavelength at the mm-Wave band, i.e. 28 GHz. In our design, 
the slot width (Sw) is kept fixed at 2.5mm.  
The slot is fed from 50 Ω  microstrip line that has a width of 1.18 mm and length of 9.5 mm. The 
length of the microstrip line is optimised to obtain satisfactory impedance matching across the tuning 
range. Figure 5.15(a) represents the biasing circuit that consists of two shorting vias, one large resistor 
Rb = 20 kΩ, a choke inductor Lb = 220 nH, and a DC-blocking capacitor Cb = 39 pF. The two shorting 
vias are used so that the biasing circuit can be printed on the top layer of the substrate while the 
bottom layer is the ground. 
The location of the varactor from the edge of the slot Ledge is optimised to obtain a wide frequency 
tuning range. The results for different values of Ledge when Cv = 0.15 (solid curves) and 1.02 pF 
(dashed curves) are shown in Figure 5.16(b). It can be seen that when the varactor is placed further 
away from the slot edge, a larger tuning range can be achieved. In fact, when the varactor is placed 
in the middle of the slot, the largest tuning range is obtained. However, this causes an issue in the 
integration with the 5G module as will be shown in the next section. Here,  Ledge = 2.69 mm is chosen, 
which can already achieve a large tuning range from 2.2-3 GHz, i.e. 30%, with Cv varying in the 1.02-
0.15 pF. The optimised parameters are shown in Table 5.4. The simulated reflection coefficients are 
shown in Figure 5.16 (a). Here, it is worth mentioning that only a part of varactor capacitance range 
is utilised in the design to keep the simulated efficiency across the tuning range always more than 
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50%. When Cv is increased further, the resonance frequency only slightly decreases, while the 
efficiency significantly decreases. The reduction of efficiency in the frequency-reconfigurable 
antennas, which is due to the internal resistance of the varactor, is consistently reported in the 
literature [110, 116-119]. 
 
Figure 5.15 (a) Geometry of frequency-reconfigurable slot antenna, (b) 3D radiation patterns of slot 
antenna with symmetry ground plane, and (c) 3D radiation patterns of slot antenna with modified 
ground plane. 
 
 
Figure 5.16 (a) Simulated reflection coefficients of the 4G reconfigurable slot antenna with different 
varactor capacitance Cv , and (b) simulated reflection coefficients at the lower (0.15 pF) and upper 
limit (1.02 pF) of Cv with different values of Ledge. 
74 
 
 
5.4.1.2 Connected Slot Antenna Array (CSAA) Design 
The slot antenna shown in the previous section can be deployed to work at mm-Wave with higher 
gain to obtain a compact 4G/5G integration. Such compact and multifunctional designs are highly 
desirable in mobile handsets due to the size constraints  [14]. In order to achieve this, the concept of 
the connected antenna array is utilised, where the antenna elements are connected or tightly coupled  
[58, 120, 121]. The arrangement of the proposed CSAA is shown in Figure 5.17(a) where 8 feeding 
lines feed the slot periodically with the spacing of Fs, which is around  𝜆𝑔/2 at the targeted operating 
frequency (𝜆𝑔 is the guided wavelength). This configuration is similar to the 8-element slot antenna 
array where each element’s length is 𝜆𝑔/2. The elements in the CSAA configuration are connected 
with each other and they appear as a single antenna with multiple periodic feeders. It can be noted 
here that after the feeder F8, there is enough space for the reconfigurable 4G band module as shown 
in the previous section (see Figure 5.17(a)). This spacing only slightly increases the size of the slot at 
mm-Wave band without significantly affecting the performance. Figure 5.17(a) also shows the 
simulated reflection coefficient at the input (simulated as lumped ports) of the 8-feeders before 
connecting them to the feeding network. As expected in a CSAA configuration, two features can be 
immediately noticed: 
1) The feeders F2 to F7 have the same response in terms of resonance frequency at 32 GHz, while the 
feeders F1 and F8 have a different resonance frequency at 24 GHz. This difference is caused by the 
mutual coupling between these feeders. Unlike F2 − F7, F1 and F8 are at the edges of the slot so they 
only strongly couple with one adjacent feed. Additionally, the two edges of the slot are asymmetrical, 
which leads to a different impedance matching across the targeted band.  
2) For all feeders,  |Sii| < −7 dB within a band from 22 − 36 GHz. Therefore, this design has the 
potential to achieve a wide bandwidth.   
 
Table 5.4 Optimised parameters used in the final design (all values are in millimetres). 
 
Parameter  Value  Parameter  Value  Parameter  Value  
subL 70 t 0.381 Sw 2.5 
Wsub 60 SL 35 Ledge 2.69 
Fs 3.36 tL 4 wf 1.18 
w1 1.18 w2 0.34 sf 0.1 
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To feed the slot as a CSAA, 1 ˟ 8 T-junction power divider with compact size is proposed at 28 GHz 
as shown in Figure 5.18(a). The simulated S-parameter and transmission phase difference for only 
the power divider are shown in Figure 5.18(a) and Figure 5.18(b) respectively. The results validate 
that the input port (F9) of the power divider has a good impedance matching at the designed frequency 
of 28 GHz (|S99|  = -20 dB), and the transmission coefficients |Si9| from the input port to the 8 feeders 
are equally around -9 dB ≅ 10 log(1/8). The 8 feeders have nearly identical transmission phases as 
shown in Figure 5.18(b). Figure 5.19(a) presents the simulated reflection coefficient of the CSAA, 
including the power divider feeding network (see Figure 5.19(a)). The proposed design has a wide 
bandwidth from 23 to 29 GHz. Most importantly, the antenna has perfect matching at 5G bands 28 
and 24 GHz announced recently by the Federal Communications Commission (FCC) [10]. These two 
well matched frequencies, 28 and 24 GHz, occur due to the main resonance of the inner feeders (F2-
F7 at 32 GHz) and the side feeders (F1 and F8 at 24 GHz), respectively. However, the resonance of 
the inner feeder shifts from 32 GHz (see Figure 5.17(a)) to 28 GHz due to the effect of the power 
divider. The optimised parameters for CSAA with the power divider are shown in Table 5.4.  
 
 
Figure 5.17 (a) Simulated reflection coefficient of each feeder for the CSAA without feeding network, 
and (b) simulated current distributions on feeders and the ground plane. 
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Figure 5.18 Performance of the 1 ˟ 8 power divider. (a) S-parameters, and (b) transmission phase. 
 
The simulated 3D radiation pattern in terms of total realised gain is also shown in Figure 5.19(b). The 
directivity of an N = 8-element array of isotropic sources at f0 = 28 GHz can be calculated as 2 ˟ N ˟ 
Fs/ 𝜆0≅ 7.0 dBi. The simulated gain of a single slot is about 4.5 dBi, giving a calculated gain value 
for the designed CSAA of about 11.5 dBi. This value agrees well with a simulated maximum gain of 
10.9 dBi for the proposed mm-Wave antenna (measured results will be shown in Section 5.4.2.2). 
 
 
Figure 5.19 (a) Geometry of connected slot antenna array, and (b) simulated reflection coefficient 
with 3D radiation patterns after adding power divider at 28 GHz. 
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5.4.1.3 Integration of the Slot Antenna with an Array of Connected Slots 
The two designs shown in previous sections can be merged to build a 4G/5G integrated antenna with 
wide frequency tunability at microwave band and wide bandwidth at the mm-Wave band. To further 
enhance the functionality of this structure, the MIMO arrangement is also deployed and investigated. 
Figure 5.20 shows the layout of the final design with two identical slots arranged orthogonally to 
achieve polarization diversity. The two slots are located at the edge of the geometry. All dimensions 
of previous optimised designs are remained the same. MIMO performance will be presented in 
Section 5.4.2.3. 
The feeders affect the microwave band, where the resonance frequency of the slot antenna shifts to a 
lower value. Compared to Figure 5.16, it can be noticed that the whole tuning range shifts from 2.2-
3.0 GHz to 2.05-2.60 GHz, as shown in Figure 5.21. This shift is expected and can be attributed to 
the 5G feeders. These feeders perform as lumped capacitances which lower the resonance frequency 
of the slot, like adding varactors.  However, no change in the performance of the CSAA at mm-Wave 
band is observed after integrating both structures. This is also as expected due to the simulated current 
distribution indicated in Figure 5.17, where the current is very small in the region of feeding and 
reconfiguring the 4G band. 
 
 
Figure 5.20 The geometry of 2-element MIMO antenna system. 
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Figure 5.21 (a) Simulated isolation with and without filter when Cv = 0:15 pF, and (b) simulated 
reflection coefficients for different values of Cv after adding the CSAA feeders. 
 
 
 
Figure 5.22 Performance of the high pass filter incorporated into the CSAA feeding network. (a) Low 
frequency, and (b) high frequency. 
 
Another factor to be observed when integrating the 4G and 5G modules is the isolation between slot 
antenna feeding port (Port 1) and array feeding port (Port 3) (Figure 5.20). It is found that the isolation 
is quite poor at low frequency band. Figure 5.21(a) shows isolation of 5 dB between Port 1 and Port 
3 at 2.6 GHz. To improve the isolation, a compact high pass filter (HPF) is designed and added into 
the feeding network of the CSAA. The geometry of HPF is shown in Figure 5.20. It is designed based 
on the interdigital capacitance method [122]. Five fingers with the width of Wf and the inter-finger 
spacing of sf  are implemented. These values are optimised to attain the best filtering performance for 
low and high frequency bands as shown in Figure 5.22. By adding HPF, the isolation between Port 1 
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and Port 3 is improved significantly, to reach 23 dB between Port 1 and Port 3 at 2.6 GHz, as shown 
in Figure 5.21(a). 
 
 
Figure 5.23 Photograph of fabrication prototype. (a) Top view, and (b) bottom view. 
 
 
5.4.1.4 Design Procedure 
Based on the discussed and presented results, a brief design procedure for the proposed antenna can 
be described as  
1) Initially, the length of the slot is chosen based on the upper operating frequency of the lower 
frequency range, i.e. 4G band. The width of the slot is not a critical parameter and can be tuned later 
for better impedance matching.  
2) The feeder for the 4G band, i.e. Port 1 and varactor is added. Then, the position of the varactor is 
optimised to achieve a satisfactory frequency tuning range. 
3) The array of feeders for the CSAA at 5G band is added. 
4) The design parameter at 4G band is tuned (if required) to obtain the required tuning range again. 
This is due to the influence of the 5G feeders on the resonance frequency of the slot. 
5) The high pass filter is added and the feeding network parameters are optimised.  
5.4.2 Measurement and Result  
The proposed MIMO antenna is fabricated (Figure 5.23) and tested for verification. The two slots are 
denoted as Ant. 1 and Ant. 2 for convenience. The antenna performances are presented as follows. 
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5.4.2.1 Scattering Parameters 
The simulated and measured reflection coefficient and isolation curves for both slot antennas at low 
frequency band are shown in Figure 5.24(a) and Figure 5.24(b), respectively at different values of 
applied reverse biased voltages (0.7-18 V). The bias voltages remain identical for both antennas. The 
measured results indicated that the prototyped MIMO antenna covers the band from 2.05 GHz to 2.4 
GHz, with a tuning range of 27%. It is noted that the minimum isolation between Port 1 and Port 2 is 
19 dB. A low discrepancy is observed between the simulated and measured results. The reflection 
coefficient and isolation curves for Ant. 1 and Ant. 2 at high frequency band are presented in Figure 
5.25(a) and Figure 5.25(b), respectively. |S33| and |S44| are below -20 dB at the two targeted bands 24 
GHz and 28 GHz. Overall, a wideband performance from 23 to 29 GHz is achieved. Slightly high 
reflection is observed at around 26 GHz, nevertheless, such performance still satisfies the antenna 
requirements of mobile application where the input power is low. A minimum of 20 dB measured 
isolation between Port 1 and Port 3 is observed across the covered band. Again, for the high frequency 
band, the measured results follow the simulated ones quite thoroughly.  
 
 
Figure 5.24 Simulated and measured S-parameters for low frequency band. (a) Reflection coefficient 
curves, and (b) isolation. 
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Figure 5.25 Simulated and measured S-parameters for high frequency band. (a) Reflection coefficient 
curves, and (b) isolation. 
 
 
5.4.2.2 Radiation Patterns 
The radiation patterns are measured when one slot is active and the other slot is terminated with a 
matched load (50Ω) for both bands at low and high frequencies. The normalised simulated and 
measured radiation patterns 2D cuts at θ = 90° (azimuth cut), φ = 0° (elevation cut) and φ = 90° 
(elevation cut) are depicted in Figure 5.26 and Figure 5.27 for Ant. 1 and Ant. 2, respectively at 2.6 
and 2.1 GHz. The results show that both antennas provide different radiation patterns which are 
desired for MIMO applications. The discrepancy in the simulated and measured radiation patterns is 
noticed in several planes, which is mostly due to the scattering effect of the measuring connectors 
and cables. This discrepancy is expected to be due to the effect of the connector, which is placed in a 
close proximity to the radiating slot; the slot also radiates towards both +z and -z direction. The 
normalised simulated and measured radiation patterns for Ant. 1 and Ant. 2 at high frequency bands 
(24 and 28 GHz) are depicted in Figure 5.28 and Figure 5.29, respectively. 
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Figure 5.26 Simulated and measured normalised radiation patterns at low frequency band for Ant. 1. 
 
 In both figures, 2D cuts (elevation cuts) for Ant. 1 at φ = 0° and φ = 75°are presented to show the 
direction of the main beam. Likewise, 2D cuts for Ant. 2 at φ = 90° and φ = 25° are also presented. 
A good agreement is observed between the simulated and measured plots when the effects of 
connectors are considered in the simulations. Some ripples are also observed in the radiation patterns 
due to the effects of cables and connectors as discussed in the previous paragraph. 
The simulated and measured gain and efficiency plots at low frequency band are depicted in Figure 
5.30(a) and Figure 5.30(b), respectively. The peak measured gain varies from 4.5 dBi to 2.6 dBi, 
while the measured efficiency varies from 70% to 45%. The simulated and measured gain and 
efficiency curves at high frequency band are shown in Figure 5.31(a) and Figure 5.31(b), respectively. 
The measured maximum gain is found to be 12.5 dBi, while the measured maximum efficiency is 
95% at 24 GHz. 
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Figure 5.27 Simulated and measured normalised radiation patterns at low frequency band for Ant. 2. 
 
 
Figure 5.28 Simulated and measured normalised radiation patterns for Ant. 1 and Ant. 2 at 24 GHz. 
84 
 
 
Figure 5.29 Simulated and measured normalised radiation patterns for Ant. 1 and Ant. 2 at 28 GHz. 
 
 
 
 
Figure 5.30 Simulated and measured, (a) Gain, and (b) efficiency at low frequency band. 
 
5.4.2.3 Envelope Correlation Coefficient (ECC) 
To evaluate the proposed MIMO antenna system diversity performances, ECC values are calculated 
based on 3D radiation patterns using Equation (5.1). The maximum value of ECC between Ant. 1 and 
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Ant. 2 is found to be 0.01 at 2.6 GHz, which is much lower than the acceptable value of ECC, of 
below 0.5 for 4G applications [44]. Therefore, the proposed design has good diversity performance. 
 
 
Figure 5.31 Simulated and measured, (a) Gain, and (b) efficiency at high frequency band. 
 
 
5.4.2.4 Performance Comparison with Existing work 
A comparison chart including some previous work on MIMO antenna arrays for 5G or dual bands 
5G/4G is also drawn up to further illustrate the merits of the proposed design, as is shown in Table 
5.5. Indeed, it is clear from the table, that the majority of reported designs worked only at mm-Wave 
for 5G applications [61, 109, 123-126] and has a relatively large occupied size compared with the 
size of mobile handhelds. The gain, efficiency and bandwidth of these works are comparable with 
those of the proposed design. The remaining designs can serve 5G and 4G by using two separated 
structures [58, 59], or single structure as in [22]. However, by combining the total required size for 
the 4G and 5G antenna footprint together, it can be seen they require a considerably large profile 
antenna making theme inappropriate for handheld devices. Therefore, a new design for dual-band 
5G/4G microwave and mm-Wave applications is proposed. While maintaining the compact size, high 
gain, efficiency and isolation compared to other designs, this design succeeds in integrating 5G and 
4G antenna in only one structure.   
 
 
86 
 
Table 5.5 Comparison between proposed and previous related works.   
Ref. 
Integration 
of 5G/4G 
in same 
structure 
No. of 
antenna 
array 
elements  
Size of 
antenna  
array 
(mm2) 
BW 
(GHz) 
Realised 
gain (dBi) 
at mm-
Wave 
Isolation 
(dB) 
between 
feeding 
ports 
[109] No 8 ˟ 1 42.3 ˟10.5 
27-29 
 
8.0 N/A 
[61] No 16 ˟ 1 99 ˟ 17.47 24-31 19.8 N/A 
[124] No 3 ˟ 3 26 ˟ 21 
28,33 
37-39 
9.8-13.5 N/A 
[125] No 8 ˟ 1 60 ˟ 28 24–28 7-11 N/A 
[126] No 8 ˟ 1 33 ˟ 25 26-38 10.4–12.5 N/A 
[22] Yes 
2 ˟ 2 (5G) 
1 ˟ 2 (4G) 
100 ˟ 60 
(4G/5G) 
1.9-3.5 
16-17 
8.0 10 
[59] No 
8 ˟ 1 (5G) 
 
23⨯22 (5G) 
1.8-2.5 
26-28 
8.0 10 
[127] No 4 ˟ 1 (5G) 70⨯40(5G) 
2.4 
27-29 
9.0 10 
This 
work 
Yes 8 ˟ 1 (5G) 
35 ⨯16.5 
(5G/4G) 
2-2.7 
23-29 
12.5 20 
 
5.5 Summary 
In this chapter, two types of MIMO antenna systems for 5G/4G wireless handheld devices for 
microwave and mm-Wave applications, were presented. The first design was a 4-element MIMO 
antenna system for 5G/4G mobile technology. The design meets the requirements of both 5G and 4G 
antennas using only a single structure. Each MIMO element consists of a slot-based antenna fed by 
two microstrip feeders for 5G and 4G bands. The design works as a tapered slot antenna at mm-Wave, 
offering end-fire radiation for 5G; and it works as an open-ended slot antenna for the 2 GHz band, 
offering omni-direction radiation for 4G. The measured results from a prototype show a wide 
impedance bandwidth of S11< -10 dB, covering the band 27.5-40 GHz for 5G; and impedance 
bandwidth of S11 < -6 dB, covering the band 1.8-2.6 GHz for 4G.  The measured gain values were 7 
and 3 dBi for 5G and 4G MIMO, respectively. The envelope correlation coefficient did not exceed 
0.5 for all antennas, showing good MIMO performance. To further improve the gain at mm-Wave 
5G, a second design for 5G/4G handheld devices was proposed. It consists of a 2-element MIMO 
antenna system. A dual-functional slot antenna was built to work as a frequency-reconfigurable slot 
antenna at the 4G band and connected slot antenna array at the 5G band. Two separate structures were 
used to feed the slot and connected slot antenna array. The proposed design provides frequency-
tuning of 2.05-2.70 GHz with a peak gain of 4.5 dBi at low frequency band and a wideband 23-29 
GHz with a peak gain of 12.5 dBi at high frequency band. Isolation and ECC values were also 
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calculated to show good MIMO performances. The minimum measured isolation was 20 dB, whereas 
the maximum value of ECC was 0.01. Compared with other exiting designs at mm-Wave, the two 
proposed designs are planar and meet the requirements of dual wireless standards, making them a 
suitable candidate for future 5G/4G mobile terminals. 
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Chapter 6 – Conclusion and Future Work 
The previous chapters of this thesis have reported the research work for the design and 
implementation of new reconfigurable and MIMO antenna systems for mm-Wave 5G. All the work 
conducted in this research project was aimed at developing novel solutions with the capability of 
overcoming the main challenges outlined in Chapter 1 (Section 1.1). This chapter summarises the 
main contributions of the research work undertaken in this thesis and presents suggestions for future 
investigations.  
 
6.1 Thesis Conclusion  
Breakthroughs in wireless innovation are creating unprecedented challenges for mobile industry. 
Cellular communication has become a part of most everyday human activities and has led to rapid 
increases in wireless data traffic requirements. However, the current mobile technologies have almost 
reached a mature state and the forecast data traffic demands cannot be further satisfied by using 
existing mobile technologies and the current limited carrier frequency spectrum. Therefore, the 
solution is to implement a new technology for mobile systems, 5G; and to assign to it a new, higher 
frequency spectrum that contains a much larger allocated signal bandwidth than the current ones. 
Therefore, many international organisations have suggested or licensed the mm-Wave spectrum as 
the operating frequency of 5G at 24, 28, 37, 39, and 60 GHz. However, using mm-Wave raises many 
challenges such as high propagation loss and radiation absorption by the human body, polarisation 
misalignment, and integrating mm-Wave MIMO into future handset devices. The invention of new 
design approaches to overcome these challenges was the underlying background motivation in this 
thesis. Notably, the main contributions of this thesis are as follows: 
In Chapter 3, a 3-D beam-steering system design at 28 GHz was provided. This design has a compact 
and planar profile and is suitable for mm-Wave 5G handsets. By utilising two stacked PCBs, the 
beam-steering system uses two antenna arrays producing a 3-D beam steering pattern. The proposed 
system redirects around 92% of the radiated power from the handset away from the head toward the 
base station. In addition, this steering feature ensures a reliable connection between the handset and 
base station despite the high path loss at 28 GHz. A prototype was built and tested as a proof of 
concept. It successfully confirmed the beam steering system operating concept at mm-Wave for the 
5G handset. Apart from the beam steering system, a tunable power divider was proposed at 28 GHz. 
The structure utilised was based on a modification of the Wilkinson design via the use of varactor-
loaded open-ended stubs. The proposed design can attain a tuning power ratio ranging from 1:1 to 
1:2.3. Afterwards, the tunable power divider was used in the beam-steering feeding circuit at 28 GHz 
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to tune the amplitude of the feeding circuit. The co-simulation demonstrates that by using the proposed 
tunable power divider, the SLL is suppressed from 13 to 19 dB. These results show the potential of 
this tunable device in the beam-steering circuit for mm-Wave 5G. 
In Chapter 4, a polarisation reconfigurable patch antenna suitable for mm-Wave 5G was first 
introduced. The design was based on a patch antenna with a switchable transmission line feed. Using 
two independently biased p-i-n diodes, the proposed design can produce LHCP or RHCP. In this 
design, the open-ended stub concept was introduced to reduce the number of diodes in the feeding 
circuit. Afterwards, the concept of the open-ended stub was extended in the design of an antenna 
array with polarisation-reconfigurable for mm-Wave 5G. The antenna array design allows p-i-n 
diodes with non-ideal performance to be used at mm-Wave. RHCP and LHCP operations are realised 
using two pairs of diodes. The measurements have confirmed that the proposed design can support 
CP reconfigurability for mm-Wave 5G applications.  
In Chapter 5, a MIMO antenna system for multi-band mm-Wave 5G and wideband 4G applications 
was demonstrated first. By utilising a ground tapered slot and two microstrip feeders, the design can 
serve triple bands at mm-Wave (28, 37 and 39 GHz) for 5G in addition to a 2 GHz band (1.8-2.6) for 
4G. Furthermore, a frequency-reconfigurable slot antenna and connected slot antenna array for 5G/4G 
mobile handsets was presented. The antenna structure uses a short-circuited varactor diode to achieve 
frequency tunability from 2.05 to 2.7 GHz (4G). For mm-Wave band, by using 8 periodic feeders, 
the slot works as a connected slot antenna array (CSAA) with a wide bandwidth of 23-29 GHz (5G). 
Both mentioned designs fulfil the requirements of a 5G/4G MIMO antenna system at low and high 
frequency bands. They use a single antenna structure approach and are thus suitable candidates for 
future 5G handheld devices.  
 
6.2 Suggestions for Future Work 
This thesis has solved a number of important challenges regarding the use of mm-Wave for the 5G 
mobile network. However, extensive future investigations are still required, including possible future 
work as follows: 
1. Reducing the size of the 5G/4G MIMO antenna system footprint inside the handset. 
Miniaturising the 5G/4G MIMO antenna system size allows integrating more MIMO antennas 
inside the handset. This achieves high capacity for mm-Wave 5G and can be considered as 
future work stemming from this thesis.  
2. Building a frequency-reconfigurable antenna for mm-Wave 5G. As mentioned earlier, 
spectrum allocation for mm-W 5G will be wide and include 24, 28, 37, 39, and 60 GHz. In 
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addition, the licensed frequency spectrum will be different among service providers and 
regions. Theoretically, it is possible to build an antenna solution for each specific region to 
cover the licensed 5G spectrum. However, this kind of solution is costly in terms of 
measurement and antenna hardware interface. To alleviate this challenge, it is necessary to 
devise a frequency-reconfigurable antenna at mm-Wave with wide frequency tuning range, 
and this may constitute future work.  
3. Considering the effects of the other mobile components such as the conductive edges antenna 
frame, speakers or USB interfaces. Most of the proposed designs in the literature for mm-
Wave considered a design environment where the antenna structure was verified in isolation. 
The effects of other components of the mobile handset were not considered on the design. 
Therefore, a simulated and experimental study is necessary to investigate the possible effects 
of mm-Wave 5G antennas on other hardware parts of the handset platform. 
4. Increasing the scanning angle of the 3-D beam-steering antenna system.  Further research 
needs to be performed on beam-steering antenna system to achieve a wider scanning angle 
with the associated challenge of designing and building low-loss low-cost tunable mm-Wave 
phase shifters, and reduced side-lobe level (SLL).  
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